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Abstract 
This Thesis explores the properties and potential applications of 
4-(dimethylamino)pyridine-capped gold (DMAP-Au) nanopartic1es. The binding mode of 
the DMAP ligand to the gold surface was investigated in detail and the factors that make 
this substituted pyridine an effective protective ligand for go Id nanopartic1es were 
determined. DMAP-Au nanopartic1e samples have a mean diameter between 5 and 6 nm 
and narrow size dispersity. DMAP is noncova1ently bound to the nanopartic1e surface via 
the endocyclic nitrogen. The positively charged nanoparticles are stable in aqueous 
solution over a wide pH range (5 to 12). 
The interactions of DMAP-Au nanopartic1es with the amome polyelectrolytes 
poly(acrylate) and poly(styrene sulfonate) were investigated by following changes in the 
optical properties of the nanopartic1es. The enhanced stability of the nanoparticles at low 
pH values observed in the presence of polyelectrolytes is attributed to the wrapping of the 
polyelectrolyte chains around the smalt nanopartic1es. The study of the composition of the 
polyelectrolyte-coated nanoparticles reveals that the polyelectrolyte chains adsorb onto 
the DMAP protective monolayer rather than displace it at the nanopartic1e surface. 
The details of the interactions of the polyelectrolytes with a DMAP mono layer were 
further elucidated by using surface plasmon resonance (SPR) spectroscopy. This surface-
sensitive technique allows the in situ study of the adsorption of the two polyelectrolytes 
on a 2D DMAP-modified gold surface and of their conformational changes as a function 
of pH. The results obtained correlate well with those of analogous 3D-systems. The 
polyelectrolyte chains are found to adsorb onto, and stabilize, the DMAP layer. 
Finally, the use of DMAP-Au nanoparticles as a starting material in ligand exchange 
reactions was investigated. DMAP-Au nanoparticles prove to be excellent precursors to 
water- and organic-soluble nanopartic1es. Relatively smalt amounts of incoming ligand 
are sufficient to fully replace the initial DMAP capping layer and the narrow size 
dispersity of the nanoparticles is maintained upon ligand exchange. 
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Résumé 
Cette Thèse explore les propriétés et les applications potentielles de nanoparticules 
d'or stabilisées par une monocouche de 4-(diméthylamine)pyridine (DMAP-Au). Le 
mode de liaison du ligand DMAP à la surface d'or a été examiné en détail et les facteurs 
qui font de cette pyridine substituée un ligand efficace pour stabiliser les nanoparticules 
d'or ont été identifiés. Les échantillons de nanoparticules DMAP-Au ont un diamètre 
moyen entre 5 et 6 nm et une étroite dispersité de taille. DMAP est liée à la surface des 
nanoparticules de façon non covalente par l'azote endocyclique. Les nanoparticules, 
chargées positivement, sont stables en solution sur une large gamme de pH (5 à 12). 
Les interactions entre les nanoparticules DMAP-Au et les polyelectrolytes anioniques 
poly(acrylate) et poly(styrène sulfonate) ont été étudiées en suivant les changements des 
propriétés optiques des nanoparticules. Les nanoparticules sont stables à basses valeurs de 
pH en présence des polyelectrolytes. Cette stabilité est attribuée à l'enroulement des 
chaînes de polyelectrolytes autour des petites nanoparticules. L'étude de la composition 
des nanoparticules recouvertes de polyelectrolytes révèle que les chaînes s'adsorbent sur 
la monocouche de DMAP plutôt qu'elles ne la remplacent sur la surface d'or. 
Les interactions entre les polyelectrolytes et une monocouche de DMAP ont été 
étudiées plus amplement en utilisant la spectroscopie par résonance des plasmons de 
surface. Cette technique, utile pour caractériser les surfaces, permet d'étudier in situ 
l'adsorption des deux polyelectrolytes sur une monocouche de DMAP immobilisée sur 
une surface plane d'or ainsi que leurs changements de conformation en fonction du pH. 
Les résultats obtenus sont en accord avec ceux des systèmes 3D analogues. Les chaînes 
de polyelectrolytes s'adsorbent sur la monocouche de DMAP et la stabilise. 
Enfin, l'utilisation des nanoparticules DMAP-Au comme matériel de départ pour des 
réactions d'échange de ligands a été examinée. Les nanoparticules DMAP-Au se sont 
révélées d'excellents précurseurs de nanoparticules solubles en solutions aqueuses ou 
dans des solvants organiques. De relativement petites quantités de ligands sont suffisantes 
pour remplacer totalement la couche protectrice de DMAP par le nouveau ligand et 
l'étroite dispersité de taille des nanoparticles est maintenue après l'échange de ligands. 
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General Introduction 
The overall goal of the research presented in this Thesis was to study the preparation 
and properties of water-soluble capped gold nanoparticles. The interactions of a 
stabilizing ligand of interest, 4-( dimethylamino )pyridine, with go Id surfaces were 
assessed in order to evaluate the versatility of the system. The physical properties of gold 
nanoparticles stabilized with this ligand were studied and their potential use as precursors 
to polyelectrolyte-coated nanoparticles and other ligand-capped nanoparticles were 
investigated. 
The necessary background for understanding the research presented in this Thesis is 
summarized in this Chapter. This Introduction reviews various aspects of gold 
nanoparticles, including their synthesis, physical properties, and applications. It aims to 
focus on water-soluble systems, due to their relevance to the Thesis. It also includes a 
brief overview on polyelectrolytes. The factors influencing their solution behaviour and 
their adsorption on charged surfaces are presented as weil as sorne oftheir applications. 
1.1 Gold Nanoparticles 
1.1.1 Nanoparticle Definition 
Nanoparticles are aggregates of atoms with sizes ranging from less than 1 nm to ca.l 00 
nm. They can be small molecular clusters, made up of a defined number of atoms, or 
colloids containing up to hundreds or thousands of atoms and described by their size 
dispersity.l In the 1 to 5 nm range, nanoparticles can be seen as large clusters or small 
colloids and both words "cluster" and "colloid" are used to describe nanoparticles. 
Nanoparticles are also referred to as "nanoclusters", "nanocrystals", and in sorne 
particular cases, "quantum dots". With the tremendous amount of research conceming 
nanomaterials, the lack of standard terminology can cause confusion. Indeed, several 
dictionaries for nanoscale materials are currently in preparation.2 In this Thesis, the term 
"nanoparticle" is used to describe most metal-atom aggregates. 
1.1.2 Historical Background 
Colloïdal gold sols have been used for decorative purpose since antiquity. Drinkable 
gold was also used as a remedy for various diseases including heart problems, epilepsy, 
2 
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and tumors until the Middle Ages.3 It was only much later, in 1857, that Faraday 
scientifically investigated the optical properties of colloidal gold, prepared by reduction 
of AuCI4-(aq) with phosphorus in carbon disulfide. He studied the interaction of light with 
thin films of the gold colloids and observed that upon mechanical compression, the color 
of the film reversibly changed from red-purple to the characteristic green color of thin 
films ofmetallic gold. Therefore, Faraday proposed that go Id in colloidal suspensions was 
present in a finely divided metallic state. 1,3 
Since 1950, severa! breakthroughs in preparative methods allowed the fonnation of 
stable nanopartic1es with narrow size dispersity and drastically increased the interest for 
gold nanoparticIes, as shown in Figure 1.1. Turkevich (1951),4 Schmid (1981),5 and Brust 
and Schiffrin (1994)6 proposed some simple and efficient methods for the preparation of 
gold nanopartic1es. Their contributions to the field of metal nanopartic1es will be detailed 
in section 1.1.5. 
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Figure 1.1 Growing interest for gold nanopartic1es over the years, based 
on the results ofSciFinder (ACS database) searches using the keywords 
indicated in the graph legend. 
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1.1.3 Forces in Colloidal Dispersions 
A colloidal dispersion is a dispersion of small particles, with a radius of 1 nm to 1 p.m, 
in a continuous medium. More specifically, the dispersion of a solid in a liquid, like gold 
nanoparticles in water for example, is called a "sol". The distribution of the particles in 
the sol is dictated by the following microscopie forces: 
• Brownian motions. Small particles in suspension move randomly, due to 
thermally driven fluctuations in the medium. The amplitude of the motion is larger for 
smaller particles, at higher temperatures, and in fluids with lower viscosity.7 These 
Brownian random motions can cause collisions, which may lead to irreversible 
aggregation.8 
• Van der Waals-London attractive forces. These forces result from the interactions 
between a temporary dipole on one molecule and the induced dipole on a neighbouring 
molecules, and lead to attraction between non-polar molecules.8 Van der Waals forces are 
short range. The attractive energy between two molecules separated by a distance d varies 
as d-6 and these forces have little effect beyond a distance of 1 nm. However, the situation 
is different in the case of colloidal dispersions. Van der Waals forces between atoms in 
approaching colloidal particles are to some extent additive.8 This results in an attractive 
force of quite long range, a few tens of nanometers. The attractive force between two 
colloidal particles separated by a distance d varies as d-2• As the particles get closer, the 
attractive forces increase and, once in contact, the particles are irreversibly bound 
• Coulomb repulsiveforces. The repulsive force between two point charges of same 
sign separated by a distance d varies as d-2 and is directly proportional to the product of 
the charges. The interactions between colloidal partic1es in solution however also depend 
on the distribution of the counterions in solution. The counterions are attracted by the 
oppositely charged particles. Some are bound to the partic1e surface while the remainders 
are distributed in the surrounding solution. Their concentration decreases away from the 
partic1es and is equal to the bulk concentration at a few tens of nanometers from the 
partic1e surface.8 The charge distribution around the partic1es is referred to as the diffuse 
electrical double-layer. The double-layer electrostatic potential is proportional to 
exp( -Kd), with d the separation distance between the particles and K the inverse Debye-
Hückel screening length. Thus, the double-layer repulsion increases exponentially when 
4 
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the partic1es get doser. The interaction between the particles also depends on the 
screening length of the counterions.9 At low electrolyte concentration where K is small 
(long screening length), a significant energy barrier exists and the colloidal system is 
stable. On the other hand, for short screening length (large K), the energy barrier is very 
small and the particles tend to aggregate. 
1.1.4 Methods of Stabilization 
Metal nanoparticles are thermodynamically unstable and non-protected nanoparticles 
undergo aggregation to reduce the total surface area in the suspension and thus lower the 
free energy. Stabilization of the metal cores is thus required to prevent them from coming 
in close contact and to keep the nanoparticles in solution. Two strategies, schematically 
represented in Figure 1.2, have been developed to prevent this close contact and prepare 
stable metal nanoparticles: 
• Electrostatic stabi/ization, which consists of adsorbing a charged stabilizer onto 
the nanoparticle surface to create electrostatic repulsions between the partic1es. The 
attractive van der Waals forces responsible of aggregation are overcompensated by the 
Coulombic repulsive electrostatic interactions between approaching nanoparticles with 
charges of the same sign. Electrostatic stabilization is useful in polar solvents. Citrate ions 
are the oldest and the most commonly used oxoanions for electrostatic stabilization of 
gold nanoparticles . 
• Steric stabilization, which involves the adsorption of polymers, surfactants, bulky 
ions, or other long-chain molecules onto the nanoparticle surface to prevent the close 
approach of the metal cores and ensure stability. Steric stabilization is useful in water but 
is even more important in systems where electrostatic stabilization is not effective. The 
most commonly used polymers for the stabilization of go Id nanoparticles are poly(vinyl 
pyrrolidone) and poly(ethylene glycol).10.12 Quatemary ammonium salts such as 
cetyltriethylammonium bromide (CTAB) or tetraoctylammonium bromide (TOAB) are 
among the commonly used surfactants and bulky ions, with the bromide ions being 
adsorbed at the metal surface. 13 Long-chain molecules terminated by a functional group 
with a high affinity for gold (such as alkylthiols or alkylamines) stabilize gold 
nanoparticles by forming a compact protective monolayer at the surface of the metal 
5 
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cores. Dendrimers can also be used for steric stabiIization of nanoparticles and offer 
several advantages. Uniform dendrimers yield metal nanoparticles homogeneous in size 
via in situ metal salt reduction, with an unpassivated surface useful for catalytic 
applications. 14,15 The branched structure of dendrimers allows the penetration of potential 
stabilizers and uniform protected nanoparticles can be released frorn the dendrirner 
ternplates. 16 
Sorne molecules such as polyelectrolytes (charged polymers) or charged long-chain 
alkylthiols combine both steric and electrostatic stabilization. 
a) 
+ 
Figure 1.2 Schematic representation of two types of stabilization of 
metal nanoparticles. a) Electrostatic stabilization relies on the fact that 
nanoparticles bearing charges of the same sign repel each other. b) 
Steric stabilization prevents the nanoparticles to come in close contact 
via steric hindrance. 
The molecules used to stabilize nanoparticles are usually referred to as "ligands" or 
"capping agents" and the stabilized nanoparticles described as "ligand-capped", "ligand-
coated", "ligand-protected", or "ligand-stabilized" nanoparticles. Sorne cornrnon ligands 
and several preparative methods of "ligand-capped" gold nanoparticles will be presented 
in the next section. 
6 
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1.1.5 Ligand-Capped Gold Nanoparticles 
Ligand-capped gold nanoparticles are prepared by reducing a gold salt solution in the 
presence of stabilizing ligand. The protective ligand shell can be further modified via 
ligand exchange reactions or post-synthetis chemical modification of the w-functional 
groups. The nanoparticle properties greatly depend on their size, size dispersity, shape, as 
weIl as on the composition and nature of the ligand shell. Therefore, it is crucial to have 
control over these parameters when preparing nanoparticles. The nanoparticle size and 
size dispersity depend on the nature of the reducing agent and of the ligand, as well as on 
the ligand to gold ratio and the speed of addition of the reducing agent. Citric acid, 
borohydrides, and superhydrides are often used as reducing agents.4,6,17 The most 
common ligands used for stabilization of gold nanoparticles include citrate ions, sulfur 
compounds (thiols, disulfides), phosphines, and amines. 
1.1.5. 1 Ligands and Preparative Methods 
• Citrate ions. Citrate is the oldest and most frequently used ligand for electrostatic 
stabilization of gold nanoparticles. A simple preparative method, proposed by Turkevich 
in 1951, is the reduction of the gold (III) salt HAuC4 by citrate ions in water. This 
method yields stable gold nanoparticles in water, with a relatively narrow size dispersion 
in the size range of 10-40 nm.4 The efficacy of citrate ions (C6HSOl, tridentate ligand) in 
stabilizing gold nanoparticles was recently attributed to the excellent match between the 
citrate 0-0 and surface Au-Au distances (2.8-3.1 A vs. 2.88 A).18 Citrate-protected 
nanoparticles are often used as precursors to nanoparticle-doped materials or 
functionalized nanoparticles, due to the labile nature ofthe citrate stabilizer . 
• Sulfur compounds. Sulfur compounds are the most commonly used protective 
ligands for steric stabilization of gold nanoparticles, due to the strong affinity of sulfur for 
gold. Nuzzo and Allara first identified in 1983 that disulfides spontaneously adsorb 
covalently (chemisorb) onto zerovalent gold surfaces to forrn close-packed monolayers. 19 
In 1989, Whitesides and coworkers reported that a variety of alkanethiols could form 
well-defined monolayers on gold metal surface.20,21 Based on these findings, Giersig and 
Mulvaney used alkanethiols to stabilize gold nanoparticles.22 In 1994, Brust et al. 
proposed a very simple two-phase (water/toluene) synthesis to prepare alkanethiol-
stabilized gold nanoparticles, summarized by equations (1.1) and (1.2).6 This method 
7 
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involves the transfer of tetrachloroaurate ions from the aqueous to the organic phase using 
tetraoctylammonium bromide (TOAB) as a phase transfer agent (equation 1.1). The Au 
(III) salt is then reduced by addition of sodium borohydride (as an electron source) in the 
presence of alkanethiol (equation 1.2). 
AuC4"(aq)+ N(CgHI7)/(toluene) 7 N(CgHI7)/ AuCIÙtoluene) (1.1) 
n AuC4"(toluene) + m RSH + 3n e" 7 4n cr(toluene)+ AunCRSH)m(toluene) (1.2) 
Stable alkanethiol-capped gold nanoparticles in the size range of 1 to 20 nm can be 
formed via this method, using alkanethiols with a chain length of at least 5 carbons. These 
nanoparticles can be isolated from the toluene phase, redispersed, purified, and further 
chemically modified. If the reductive step (equation 1.2) is conducted in the absence of 
thiol, TOAB-capped nanoparticles are formed. These are fairly uniform and can be used 
as a precursor for the preparation of other ligand-capped gold nanoparticles. For example, 
the 4-(dimethylamino)pyridine-protected gold nanoparticles, extensively studied in this 
Thesis, were prepared from TOAB-capped nanoparticles. 
One-phase methods, useful with thiols poorly soluble in toluene, have also been 
developed. Protected gold nanoparticles were successfully prepared in methanol:water 
using borohydride as a reducing agent.23 Ulman and coworkers developed another one-
phase method carried out in tetrahydrofuran using lithium triethylborohydride 
(Superhydride) as a reducing agent.!7 
AIl these reports have generated much interest in gold nanoparticle synthesis, which 
has resulted in the identification of a wide range of functionalized thiols, disulfides, and 
other compounds containing a thiol group, as ligands for gold nanoparticles. Examples of 
thiol-containing ligands used in the preparation of water-soluble nanoparticles are 
presented in Table 1.1 . 
• Phosphines. Phosphines were initially used to stabilize small clusters made of 5 to 
11 goId atoms.24,2S Schmid's group reported the synthesis of phosphine-stabilized Auss 
clusters with a narrow size dispersity (d = 1.4 ± 0.4 nm).26 However, the use of diborane 
gas (B2H6) to reduce AuCI(PPh3) makes this procedure difficult for safety reasons. 
Hutchison's group recently proposed a two-phase method, similar to the Brust synthesis, 
using borohydride as the reducing agent.27 This method yields small gold nanoparticles 
8 
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with a narrow size dispersity (d = 1.5 ± 0.5 nm). The utility of phosphine-capped 
nanoparticles is limited because of their poor stability in solution but they are excellent 
precursors to other functionalized nanopartic1es . 
• Amines. Interestingly, white amines form only weakly bound and chemically 
unstable monolayers on planar gold surfaces, the synthesis of amine-capped nanoparticles 
nearly as stable as thiol-capped nanoparticles has been reported.28 Nanoparticles capped 
with primary amines, in the size range of 2.5 to 7 nm, were prepared in a manner similar 
to the Brust method, using alkylamine instead of alkylthiol. The protective amine 
monolayer was found to be less densely packed than a thiol monolayer.28 More recently, a 
primary amine was used as both capping ligand and reducing agent to prepare larger gold 
nanoparticles, 6 to 21 nm in diameter.29 As amines are weakly adsorbed on the 
nanoparticles, amine-capped nanoparticles can be used as precursors for functionalized 
thiol-capped nanopartic1es. The antibacterial drug ciprofloxacin was also found to 
stabilize gold nanoparticles very effectively.30 This ligand binds to the gold surface via 
the nitrogen atom of the -NH-moiety of the piperidine fragment. Ciprofloxacin-capped 
nanoparticles are stable in the dry state and can be re-solubilized. 
White a great variety of ligand-stabilized nanoparticles have been prepared following 
the exact or adapted procedures described above, sorne functionalized ligands are not 
compatible with these direct synthesis methods. In addition, the core size is dependent on 
the ligand used for stabilization and not aIl core sizes are accessible with a given ligand. 
Therefore, post-synthesis modifications, such as ligand exchange reactions or chemical 
reactions with the functional groups at the periphery of the ligand shell (w-functional 
group), are often required in order to prepare functionalized nanoparticles with the 
desired composition and properties. 
1.1.5.2 Ligand-Gold Binding Strength and Ligand Exchange Reactions 
Ligand exchange is a powerful technique used to prepare a variety of functionalized 
nanoparticles from a single precursor. This method consists in replacing the stabilizing 
ligand shell at the surface of the gold core by a new ligand shell. The original ligands can 
be totally or partially replaced by the incoming ligands, depending on the relative 
concentration, size (chain length, bulkiness), and binding strengths of the leaving and 
9 
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incoming ligands. The core size retention upon ligand exchange is not systematic and 
aggregation can occur. 
The replacement of a surface-bound ligand largely depends on the ligand-gold binding 
strength. Ligands adsorbed onto the nanoparticle surface via electrostatic interaction are 
labile. They can be easily replaced by molecules terminated with a functional group 
possessing stronger affinity for gold. For example, tetraoctylammonium bromide is 
readily replaced by alkanethiols of various chain lengths at the nanoparticle surface.31 .32 
Citrate ions are also easily replaced and citrate-capped nanoparticles are often used as 
precursors to other nanoparticles.33 
Covalently bound ligands can also be replaced by ligands possessing a stronger 
affinity for gold. Thiol-gold bonds are rather stable (covalent bond of 40-50 kcal/moli4,35 
while nitrogen-gold bonds are less stable (covalent bond of ca. 6 kcal/mol).28.35,36 Thiols 
can therefore readily replace amines at a nanoparticle surface.3? Amine-thiol ligand 
exchange reactions are reported in detail in Chapter 5. 
Alkylthiol- and alkylamine-capped gold nanoparticles can be prepared from 
phosphine-capped nanoparticles through ligand exchange reactions. An increase of core 
size was noticed for the phosphine-amine ligand exchange, although the nanoparticles 
remained uniform in size.38-40 
The possibility to achieve thiol-thiol ligand exchange was first demonstrated by 
Murray and coworkers,41 and has since become a widely used approach to prepare 
functionalized gold nanoparticles. A few examples of thiol-thiol ligand exchange 
reactions are schematically represented in Figure 1.3. The ligand exchange reaction, 
summarized by equation (1.3), occurs to different extents depending on the incoming and 
replaced thiols and often yields a mixed protective monolayer.42 
x(R'SH) + (RS)mAu ~ x(RSH) + (RS)m_x(R'S)xAu (1.3) 
The composition of the mixed ligand shell depends on the feed ratio of the incoming 
ligand and on steric effects,43 but in most cases the composition of the protective 
monolayer cannot be fully controlled. This leads to an inhomogeneity of the ligand shell 
composition across the nanoparticle sample, which is one of the drawbacks of the 
method. The rate of ligand exchange is dominated by steric effects and decreases as the 
size of the incoming ligand increases. AIso, only short-chain alkanethiols can be 
10 
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completely exchanged.42 When thiol-capped gold nanoparticles are exposed to a mixture 
of alkanethiols of various chain lengths, the longer chain lengths are usually preferred in 
the ligand shell. This is probably due to the increased stabilization of the monolayer 
conferred by the chain-chain interactions. 
1. 1.5.3 Post-Synthesis Chemical Modifications 
These modifications usually affect the w-functional group of the protective ligands, the 
w-functionalized ligands often being introduced by a ligand exchange reaction in a 
previous step. They are very useful to introduce functional groups or chemical motifs that 
cannot be introduced via direct synthesis or ligand exchange reactions, either due to the 
difficulty in synthesizing the ligand bearing these functional groups or motifs or to the 
ligand instability in the reaction conditions. Chemical modifications of this sort are 
mainly performed on thiol-capped nanoparticles due to the stability of the sulfur-gold 
bond, which thus imparts good stability to the thiol-capped gold nanoparticles under the 
reaction conditions. 
Murray and coworkers have shown that the bromide of w-bromoalkanethiol-capped 
gold nanoparticles can be replaced by a primary amine in an SN2 reaction.44 The w-
bromide in nanoparticle-associated alkanethiols was found to exhibit a reactivity similar 
to that of a w-bromide in alkanethiols free in solution. This is not the case when the w-
bromide is part of a monolayer immobilized on planar gold surfaces.4S The extent of the 
conversion depends on the accessibility of the w-bromide to the nucleophile (for example, 
it might be submerged by longer non-functionalized alkylthiols in a mixed monolayer) 
and on the nucleophile bulkiness. 
The possibility to form ester and amide bonds at the periphery of gold nanoparticles to 
further functionalize them has also been explored.46 A wide range of compounds 
containing an amine, carboxylic acid, or alcohol functional group can react with the w-
carboxylic acid or w-alcohol functional group of thiol-capped nanoparticles. This yields 
nanoparticles with various properties such as electroactivity, fluorescence, or metal 
binding. Because the thiol molecules are firmly bound to the goid surface, no 
protection/deprotection of the thiol is required during the chemical modification of the w-
functional group. A few examples of post-synthesis chemical modifications are 
schematically represented in Figure 1.3. 
11 
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Figure 1.3 Post-synthesis modifications of thiol-capped gold 
nanoparticles. Examples of thiols used for ligand exchange reactions, 
functionalized nanoparticles and reactants used for chemical 
modifications are presented. The properties of the produced 
nanoparticles are indicated in parenthesis. Figure adapted from ref 47. 
The strategies presented above allow the preparation of functionalized ligand-capped 
gold nanoparticles soluble in organic solvents or in aqueous solutions. A few examples of 
water-soluble systems will be presented in the next section, due to their relevance to this 
Thesis. 
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1.1.6 Water-Soluble Nanoparticles and Phase Transfer Strategies 
Water-soluble nanoparticles are very important for bio-related applications such as 
bioconjugation with DNA or enzymes. They are usually very stable in solution due to 
electrostatic repulsions but are often difficult to isolate from the solution, especially in the 
form of a redispersible powder. Functionalized water-soluble gold nanoparticles can be 
prepared by one-phase direct synthesis in water, when ail reactants (gold salt, capping 
ligand, and reducing agent) are soluble in water. They can also be prepared by ligand 
exchange, using the water-soluble citrate-capped nanoparticles as precursors.33 A 
disadvantage of water-based synthesis is that, due to the ionic interactions between the 
growing nanopartic1es, highly concentrated water-soluble nanoparticle suspensions 
cannot be prepared. On the contrary, nanoparticles with narrow size dispersity can be 
produced in high concentration in organic solvents. Therefore, it is often advantageous to 
synthesize nanoparticles in organic solvents. 
Water-soluble nanoparticles can be prepared in organic solvents by direct synthesis or 
from organic-soluble nanoparticles via ligand exchange with a hydrophilic incoming 
ligand. The produced nanoparticles, which are insoluble in organic solvents, precipitate 
and can be redispersed in an aqueous solution. When the ligand exchange is conducted in 
the presence of an aqueous phase containing the hydrophilic incoming ligand, vigorous 
stirring is required to ensure good contact between the two phases and thus facilitate the 
ligand exehange. As a result of the full or partial replacement of hydrophobie ligands by 
hydrophilic ones, the nanoparticles will transfer to the aqueous phase. The first phase 
transfer of gold nanopartieles from organic solvent to water was reported for phosphine-
eapped Auss gold nanoparticles. It was aehieved by exehanging aIl triphenylphosphine 
(PPh3) ligands with the mono p-sulfonated triphenylphosphine (Ph2PC6I4S03Na) 
ligand.48 In another report, phosphine ligands were replaced by an anionic thiol (2-
mercaptoethanesulfonate) or a cationic thiol (2-(dimethylamino)ethanethiol) and the 
resulting water-soluble gold nanoparticles transferred into the aqueous phase.49 
Alkanethiols containing an ionizable w-functional group or a charged functional group, 
sueh as a quatemary amine, were used to replace TOAB or alkanethiols at the surface of 
gold nanoparticles.3l,50 
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Sorne ligands reported to efficiently stabilize water-soluble gold nanoparticles are 
presented in Table 1.1. The solvents used to carry out direct synthesis or ligand exchange 
reactions are indicated, as weIl as the replaced ligand in the case of ligand exchange. The 
rnean core diarneters (including standard deviations) of the product nanopartic1es are also 
listed. 
Table 1.1 Exarnples of water-soluble nanoparticles prepared via direct synthesis or 
ligand exchange reaction. 
Stabilizing Ligandsa Direct Ligand exchange Mean core Rer 
Syntbesis diameter (nm) 
solvent replaced. lig. solventb 
Functionalized alkanethiols 
HS-(CH2kCOOH n = 1,2,6,11 PPh3 CH2Cl27H20 1.5±O.3 40 
n= 10 CsSH 'in THF 2 50 
n= 10* thioctic ac. H2O:EtOH -17 51 
n= 2,10 TOAB 'in toluene 5.1::1:1.2, 8.6::1:2.2 31 
HS-CH(COOH)-CH2-COOH H2O:MeOH 10.2 to 33.6 52 
Il citrate H20 -20 53 
HS-(CH2)2-CH-(SH)-(CH2)4-COOH citrate H20,pH Il -17 51 
HS-(CH2)2-S03"Na + PPh3 CH2Ch7H2O lA 49 
HS-(CH2)2-NMe2 PPh3 CH2Ch7H2O lA 49 
HS-(CH2)wNH2* thioctic ac. H2O:EtOH -17 51 
HS-(CH2)tt-WMe3Cr* CsSH 'in THF 2 54 
Functionalized thiophenols 
HS-Ph-COOH citrate H2O:EtOH 13::1:3 55 
" H2O:MeOH 1.8±O.4 56 
HS-Ph-NH2 citrate H2O:EtOH 13 57 
Il CaSH 'in THF 1.6 58 
Thiolated crown ether and 
oligo(ethylene oxide) 
HS-5-crown-15* thioctic ac. H2O:EtOH 17.1±3.0 51 
HS-«CH2)2-0k(CH2)rOH n = 1,2 PPh3 CH2Ch7H2O 1.5±O.5,1.6::1:0.4 40 
HS-«CH2h-OkCH3 n=3,4 CaSH CH2Cb 2 59 
Biomolecules with thiol moiety 
L-cysteine H20 3.2 to 5.2 ±1.5 60 
tiopronine MeOH:HOAc 1.7 to 3.9 61 
glutathione H2O:MeOH 0.9 62 
CALNN pentapeptide citrate H2O,pH7 12.3 63 
coenzyme-A H20 3.3::1:1.0 61 
Thiolated carbohydrates 
thiolated cyclodextrin DMSO 2.7 to 604 64 
thiolated mannose citrate H20 16 65 
Other ligands 
ciprofloxacin citrate H2O:PrOH 3-4 and 15-20 30 
Ph2PCa14S03 "Na + PPh3 CH2Cl27H2O 1.5 48 
a. * indicates that the ligand exchange reaction yields a mixed protective ligand shell. 
b. 'indicates that the produced NP precipitated out of solution and.... that the NP phase transferred. 
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Another approach to render nanoparticles water-soluble is based on the addition of a 
second ligand layer onto hydrophobic nanoparticles, which induces the transfer of the 
nanoparticles to the aqueous phase. Gold nanoparticles stabilized with dodecylamine and 
suspended in chloroform phase transfer upon addition of an aqueous phase containing the 
surfactant cetyltrimethylammonium bromide (CT AB) and vigorous shaking (Figure 
1.4).66 It was proposed that the hydrocarbon tails of the surfactant and the hydrocarbon 
chains of dodecylamine form an interdigitated structure. As a result, the nanoparticle 
outer-layer is composed of the hydrophilic ammonium groups of the surfactant and the 
nanoparticles transfer into the water phase. 
~ = dodecylaIIÙne-capped 
- gold nanopartic1e 
pl 
'lI 
water 
* chlorofonn 
~~~~~~ 1+ --------~ = ~N-
- CTAB 1 
~ 
vigorous ?f~ shaking~ 
chlorofonn 
Figure 1.4 Schematic illustration ofthe phase transfer of dodecylamine-
capped gold nanoparticles from chloroform to water by formation of a 
CTAB protective layer. 
Nanoparticles were also transferred to the aqueous phase using a host-guest approaeh. 
Oleic acid-stabilized silver nanoparticles in hexane were transferred to water containing 
a-cyclodextrin (Figure 1.5).67 The formation of an inclusion complex between the 
surfactant and the hydrophilic macromolecular guest was proposed to explain the 
observed phase transfer. The hydrophobie chains of the oleic acid can be accommodated 
in the cavity of the cyclodextrin molecules, which orient their hydrophilie surface toward 
the solution, and therefore modify the nanoparticle solubility. 
15 
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~ nanoparticles = stabilized with oleic acid: ~OH 
o 
l3-cyclodextrin 
stirring hexane 
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Figure 1.5 Schematic illustration of the phase transfer of oleic acid-
capped gold nanoparticles from hexane to water by surface modification 
with cyclodextrin. 
1.1.7 Physical Properties of Gold Nanoparticles 
Gold nanoparticles and more generally metal nanoparticles are a unique class of 
materials bridging the molecular and bulk states, and showing size-dependent physical 
properties. The size-dependence of their electronic properties can be understood when 
comparing the electronic band structure (or density of states) of metal nanoparticles with 
those of bulk metal and molecular metal clusters, schematically represented in Figure 
1.6.68 In bulk metal, the valence and conduction bands consist of an infinite number of 
molecular orbitaIs. Since the two levels are not separated by any energy gap, electrons 
can be promoted to the conduction level by thermal energy and this confers to metals 
their conducting property. At the other end, the band structure of molecular clusters is 
made up of a discrete number of bonding and anti-bonding molecular orbitaIs. The 
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO) are separated by an energy gap larger than what can be overcome by thermal 
energy. Molecular clusters have the physical properties of molecular species. Metal 
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nanoparticles lie between bulk metal and molecular c1usters. They have a density of states 
with discrete levels near the band edges but with no observable HOMO-LUMO 
separation (t1.E < kT), until their size is decreased to a few atoms. Metal nanopartic1es 
with a diameter larger than 1 to 2 nm exhibit a metallic character while smaller metal 
nanoparticles have molecular character. The bulk-to-molecule transition has been 
reported to occur between 55 and 13 atoms for gold. Thus AU55 nanopartic1es are metallic 
white AU13 c1usters are non-metallic.69,7o 
E 
LlE 
bulk metal molecular 
metal nanoparticles metal clusters 
Figure 1.6 Schematics of the density of states in bulk metal, metal 
nanopartic1es, and molecular metal clusters. EF indicates the Fermi 
level. 
Gold nanoparticles with a diameter larger than ca. 2 nm possess a strong absorption in 
the visible range (Figure 1.7). This strong absorption, known as the "surface plasmon 
resonance absorption", confers to gold nanoparticle suspensions their intense ruby red 
color. The absorption maximum is shifted towards longer wavelengths (red-shift) as the 
nanoparticle diameter increases.3 Nanoparticles with a diameter smaller than 2 nm are too 
small to exhibit such a surface plasmon resonance. 
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Figure 1.7 Absorption spectrà oftoluene suspensions of (a) -6 nm and 
(b) -2.5 nm gold nanoparticles. A clear plasmon band characteristic of 
gold nanoparticles is obtained for the large nanoparticles while it is 
almost absent for the smaller nanoparticles (-2.5 nm nanopartic1es were 
synthesized and characterized by Adil Kassam). 
The origin of the surface plasmon resonance resides in the interaction between the 
nanoparticles and light. When a spherical metal nanoparticle interacts with the oscillating 
electric field of light, the conduction electrons at the surface of the nanoparticle oscillate 
and the electron cloud moves relative to the metal core (Figure 1.8). A collective 
oscillation arises from the electron-metal nuclei Coulomb attraction to restore the 
electron cloud to its initial position around the metal core.71 The frequency of this 
collective oscillation or surface plasmon resonance depends on the electron density and 
on the shape and size of the charge distribution. 
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Figure 1.8 Schematic representation of the oscillation of the plasmons 
at the surface of a small metallic spherical particle irradiated by light. 
The oscillating electromagnetic wave of light (E) causes the 
displacement of the conduction electron charge cloud (in grey) relative 
to the nuclei (in black). Figure adapted from ref71. 
The dielectric properties of the environment (solvent, ligand shell) surrounding the 
nanoparticle are important in determining the wavelength of the absorption peak. The 
position of the absorption maximum of gold nanoparticles (d = 16 nm) was reported to 
red-shift by 25 nm as the solution refractive index increased by 0.3 units.72 
The absorption spectrum of metal nanoparticles is also greatly influenced by the 
nanoparticle shape and interparticle interactions. Nonspherically-symmetric nanoparticles 
exhibit a broad absorption spectrum with a red-shifted maximum.73 Theoretical and 
experimental studies of the effect of nanoparticle aggregation and flocculation on the 
absorption spectrum have been reported.74,75 As the nanoparticles get close (often 
described as aggregation), the absorption maximum is red-shifted. When the interparticle 
distance is small compared to the nanoparticle diameter (often referred to as flocculation), 
additional resonances occur at wavelengths longer than 600 om. 
1.1.8 Applications of Gold Nanoparticles and Perspectives 
The amount of research investigating the potential utility and applications of gold 
nanoparticles has drastically increased over the past decade. This growing interest is not 
only due to the fascinating properties of gold nanoparticles but also to the constant 
development of methods to tailor their size, composition, and surface as weIl as to the 
increased understanding of their chemical and physical properties. The search for 
potential applications is not limited to isolated gold nanopartic1es. Nanoparticle arrays, 
superstructures, and hybrid systems are also under investigation. 
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Gold nanoparticles have potential applications in biorelated fields such as biosensing, 
bioimaging, and biolabeling as they are in the same size range as many biomolecules. 
They are biocompatible and can be combined with biomolecules for applications such as 
drug delivery and cell transfection.76 The use of gold nanoparticles as biosensors often 
relies on their aggregation and changes in optical properties induced by specific 
(bio)affinities such as antigen-antibody, biotin-avidin, or DNA-complementary DNA. 
The colorimetric detection of a target oligonucleotide single strand using nanoparticles 
modified with alkanethiol-capped oligonucleotide strands was reported.77 Nanoparticles 
aggregated upon hybridization of the complementary strands and the suspension color 
changed from red to blue as the nanoparticles plasmon band was red-shifted. More 
recently, glucose-sensing nanoparticles able to detect mM glucose levels were 
developed.78 When dextran-coated gold nanoparticles aggregated with concanavalin A 
were exposed to solutions containing glucose, glucose competitively bound to 
concanavalin A. This reduced the nanoparticles aggregation and resulted in a decreased 
intensity at long wavelengths (> 600 nm) which could be correlated to the concentration 
of glucose. These nanoparticles could be used as biosensors of glucose levels in 
physiological fluids. 
Nanoparticles could also be useful building blocks for the fabrication of single-
electron transistors and might allow to pursue their miniaturization once the limits of 
photolithography are reached.79 Arrays of nanoparticles with diameters smaller than 10 
nm can form tunnel junctions with very low electrical capacitance, in the order of 10-19 to 
10-18 F at room temperature, which is a fundamental requirement for the fabrication of 
nanoelectronic devices.78 The capacitance can be tuned by varying the size of the 
nanoparticles and their spacing in the array.80 It was shown that the resistivity of thin 
films of gold nanoparticle self-assembled by alkanedithiols increases as the length of the 
alkanedithiol linker increases.81 However, while many synthetic pathways to synthesize 
monodisperse nanoparticles have been developed, the challenge to assemble nanopartic1es 
into well-ordered macroscopic architectures remains. 
Gold nanoparticles supported on a variety of materials were found to be an efficient 
catalyst for the oxidation of carbon monoxide into carbon dioxide at low temperature and 
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in the presence of moisture. Thus, gold catalysts could have environmental applications 
such air quality control and pollutant abatement. 82 
From a scientific research standpoint, gold nanoparticles are use fui for the 
characterization of self-assembled monolayers (SAMs) adsorbed at their surface, because 
ofhigh ligand density (ca. 100 m2/g).83 Techniques not usable for 2D SAMs can thus be 
used with nanoparticles. 
1.2 Polyelectrolytes 
1.2.1 Polyelectrolyte Definition 
Polyelectrolytes are molecules composed of a large number of covalently linked 
ionizable subunits.84 These charged polymers can be polyacids, polybases, or 
polyampholytes when both acidic and basic subunits are present. The presence of charges 
renders them very water-soluble but poorly soluble in nonpolar solvents. Common 
examples of polyacids are poly(acrylic acid) and poly(p-styrenesulfonic acid), and 
examples of polybases are poly(allylamine) and poly(2-vinylpyridine). Polyelectrolytes 
are industrially used as thickeners, dispersants, or flocculation aids.85 Natural 
polyelectrolytes include DNA, RNA, and proteins. Polyelectrolytes are often classified as 
weak or strong polyelectrolytes, depending on the strength of the acidlbase moieties. The 
linear charge density (charge per unit length) of strong polyelectrolytes is essentially pH-
independent whereas the degree of ionization (or fraction of ionized groups) of weak 
polyelectrolyte is highly pH-dependent. 
1.2.2 Polyelectrolytes in Solution 
In solution, polyelectrolytes are surrounded by counterions to preserve charge 
neutrality. The polyelectrolyte configuration in solution is the result of Coulombic 
repulsions between charged groups along the chain and screening of the repulsions by 
counterions. Therefore, it depends on the degree of ionization of the polyelectrolyte, the 
ionic strength of the solution, and the polyelectrolyte concentration.85 The degree of 
expansion of the polyelectrolyte configuration increases with the degree of ionization due 
to repulsion between ionized groups, until it reaches a maximum. On the contrary, the 
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polyelectrolyte contracts as the polymer concentration is increased or salt is added, due to 
an increased screening of the repulsive interaction between the ionized groupS.85 
1.2.3 Adsorption of Polyelectrolytes on Charged Surfaces 
Polymer adsorption is involved in many applications such as treatment of surfaces or 
dispersion of particles. The adsorption of polyelectrolytes on surfaces is 
thermodynamically favored. There is an entropy gain when the solvent molecules are 
released from the surface and from the polyelectrolyte to the solution upon adsorption of 
polyelectrolyte segments.85 The adsorption of polyelectrolytes increases slightly with 
ionic strength, because the addition of salt decreases the solubility of the polyelectrolyte 
and screens the repulsion between the charged residues. The adsorption of 
polyelectrolytes on oppositely charged surfaces is also driven by electrostatic forces. 
The conformation of adsorbed polyelectrolytes consists of trains, loops, and tails, 
schematically represented on Figure 1.9. The chains are tied to the surface via train 
segments while tail (and loop) segments extend into the solution. 
,........ ..../ 
...... trains: ./ 
Figure 1.9 Schematic representation of adsorbed polyelectrolyte chains 
at a surface. Their confonnation consists of trains, loops, and tails. 
1.2.3. 1 Adsorption onto oppositely charged planar surfaces 
In the absence of salt, the two most important parameters goveming the adsorption of 
polyelectrolytes onto an oppositely charged surface are the linear charge density of the 
polyelectrolyte and the surface charge density.86 The amount of adsorbed polyelectrolyte 
increases with the surface charge density, as the system prefers to maintain charge 
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neutrality. In the case of a weak polyelectrolyte, the adsorption increases as the linear 
charge density, and thus the repulsion between residues, decreases. The amount of 
adsorbed polyacid onto an oppositely charged surface is maximal at a pH value 1 unit 
below the pKa of the polyelectrolyte.87 
The conformation of the adsorbed polyelectrolyte is mainly governed by electrostatic 
effects. The polyelectrolyte adopts a conformation that provides an optimal match 
between polyelectrolyte and surface charges. When fully charged, the interaction between 
the polyelectrolyte and the surface is strong and the polyelectrolyte lies flat at the surface. 
The addition of electrolytes decreases the effective strength of the electrostatic forces and 
causes the polyelectrolyte to extend into the solution. As the salt concentration is further 
increased, the electrostatic binding decreases and ultimately, the polyelectrolyte come off 
the surface.9 The thickness of weak polyelectrolyte layers also depends on their degree of 
ionization.86 At pH values where the polyelectrolyte linear charge density is large, the 
polyelectrolyte chains adsorb flat on the surface and form a thin layer. At pH values 
where the polyelectrolyte is less charged, the chains have a loopy structure and the layer 
is thicker. Conformational changes (swelling, shrinking) of already adsorbed chains can 
also be induced by varying the pH of the medium surrounding the adsorbed layer. A 
detailed study of the adsorption of polyelectrolytes onto bare or modified gold surfaces 
and of the effect ofpH on the conformation of the adsorbed layer is reported in Chapter 4. 
Polyelectrolyte multilayers can be built at a surface by successive adsorption of 
oppositely charged polyelectrolytes. This layer-by-layer method, introduced by Decher, is 
extremely efficient and versatile, and offers the possibility to control the structure and 
properties of the assembly at the nanoscale level. 88 Many different materials such as 
proteins, clay platelets, or gold nanopartic1es can be incorporated in the multilayers.89,90 
These multilayers or multicomposite films have many potential applications such as 
biosensors,91 and light-emitting devices.92 
1.2.3.2 Adsorption on opposite/y eharged partie/es 
The addition of polyelectrolytes to charged colloids can cause stabilization or 
destabilization of the colloids and plays an important role in many technological 
processes such as water treatment, pulp production, oil recovery, or fine-particle 
recovery.85 The purification of water and mineraI wastes using polyelectrolytes relies on 
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the fact that polyelectrolyte chains are able to aggregate particles. This occurs via 
bridging of close particles by the polyelectrolyte "tails" extending in solution. 
The adsorption of polyelectrolytes onto oppositely charged particles is the result of 
two competing effects: the repulsive interactions between residues forcing the 
polyelectrolyte chains to adopt an extended conformation, thus limiting the number of 
contacts with the particles, and the electrostatic attractive interactions between the 
charged particles and the polyelectrolyte causing conformational changes of the 
polyelectrolyte chains and their adsorption onto the particle surface.93 Several theoretical 
studies using Monte Carlo simulations have shown that the adsorption of the 
polyelectrolyte chains, the conformation of the adsorbed chains, and the stability of the 
polyelectrolyte/particle complexes depend on the surface charge of the particles, the 
curvature of the particles, the particle concentration, the linear charge density of the 
polyelectrolyte chains, the polyelectrolyte chain length, the polyelectrolyte concentration, 
and the ionic strength of the solution.94,95 The adsorption is predicted to increase with 
increasing the parti cIe size and decreasing the ionic strength.93 The structure and 
thickness of films adsorbed onto planar surfaces and onto colloids were found to be 
similar for spheres with a diameter larger than 80 nm.96 Reports on the experimental 
investigation of the adsorption of polyelectrolyte on particles with a large curvature 
(small nanoparticles) are however rare. A detailed study of the adsorption of 
polyelectrolytes on comparatively small gold nanoparticles is reported in Chapter 3. 
Polyelectrolyte multilayers can be built on particles, using the layer-by-Iayer method. 
Hollow polyelectrolyte shells can be produced by dissolving the core.97 Such capsules 
could have application in drug delivery since the release of molecules entrapped could be 
controlled by tuning the permeability of the polyelectrolyte shell by varying the pH or 
ionic strength of the suspension. 
1.3 Overview of Thesls 
Many approaches have been developed to prepare functionalized metal nanoparticles 
but most of them employ covalently bound ligands. These covalently bound or 
chemisorbed ligands are difficult to replace and this restricts the range of ligands useful 
24 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
General Introduction 
for further functionalization. On the other hand, nanoparticles stabilized with weakly 
bound ligands could be an interesting starting material for other nanopartic1es or useful in 
the preparation of nanocomposite materials, and much effort needs to be done in this 
research area. 
Chapter 2 of this Thesis describes the assessment of 4-( dimethylamino )pyridine 
(DMAP) as a noncovalently bound ligand DMAP for go Id nanoparticles. The binding 
mode of DMAP onto gold is investigated and the characteristics that make DMAP an 
efficient ligand are identified. The pH-dependence of the stability and solubility of the 
DMAP-protected nanoparticles and the importance of excess DMAP for the stability of 
the nanoparticles are also studied. 
In Chapter 3, different strategies to prepare polyelectrolyte-coated go Id nanoparticles 
are investigated. The model polyelectrolytes studied are able to wrap around DMAP-
coated gold nanoparticles and enhance the nanoparticle stability at low pH. 
Chapter 4 expands the investigation of the interaction of the same polyelectrolytes 
with a DMAP layer adsorbed onto a planar gold surface, using surface plasmon resonance 
(SPR) spectroscopy. Because SPR is very specifie to the near-interface region, direct 
information on the adsorption of the polyelectrolytes onto the surface and their 
conformational changes can be obtained by monitoring changes in film thicknesses as a 
function of pH. 
Chapter 5 describes the preparation of a range of water- and organic-soluble 
functionalized gold nanoparticles, using DMAP-protected gold nanopartic1es as a starting 
material. Only a small amount of incoming ligand is required to achieve the full 
replacement of the DMAP mono layer and the narrow size dispersity is maintained upon 
ligand exchange. 
Chapter 6 consists of concluding remarks on the work presented in this Thesis. The 
contributions made to original knowledge are pointed out and suggestions for future work 
are proposed. 
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4-(Dimethy/amino)pyridine as a Capping Agent 
In this Chapter, the binding mode of 4-( dimethylamino )pyridine (DMAP) to gold 
nanoparticles is investigated. The characteristics that make DMAP a valuable ligand for 
gold nanoparticles are identified. DMAP-capped gold nanoparticles are characterized and 
a detailed study of their stability as a function of pH is reported. 
2. 1 Introduction 
There have been many approaches in the past decade to the synthesis of metal 
nanoparticles. These efforts arise from the unique electronic, optical, and catalytic 
properties of metal nanoparticles.1-7 Particularly promising applications in cell 
transfection, drug delivery, and biological sensors have been described for the gold 
nanoparticle system.7-12 Ligands containing thiol groups have been widely used in the 
preparation of gold nanoparticles due to the strong interaction between sulfur and gold. 13-
15 Despite the weaker interaction between amines and bulk go Id, as compared to 
alkylthiols, stable gold nanoparticles capped with primary amines have also been 
prepared, their stability being attributed to a finite-size effect. 16 
Several strategies to prepare functionalized monolayer-protected nanoparticles have 
been developed. These inc1ude direct synthesis using functionalized thiols and ligand 
exchange reactions. 17 Further functionalization can be achieved by derivatization 
reactions, that is, formation of ester or amide bonds, of the capping ligands. 15.18 There are 
sorne limitations, however, to the ligand exchange strategy because it is not possible to 
fully control the composition of the resulting capping layer. Moreover, these 
methodologies mainly involve strong-binding incoming ligands, leading to irreversible 
functionalization and restricting the range of use fuI ligands. 
Many important features of metal nanopartic1es such as their chemical reactivity 
and/or optical properties depend on the nature of the ligand and the ligand-metal bond. It 
is therefore important to seek ligand-nanoparticle pairs complementary to the much-
studied thiolate-metal pair. Weakly bound ligands studied in sorne detail include 
citrate,19.2o quatemary ammonium halides,21-23 and phosphines?4.25 
DMAP has been reported by Gittins and Caruso for use as a capping ligand for gold 
nanopartic1es.26 Their preparation method relies on the exchange of tetraoctylammonium 
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bromide (TOAB) with DMAP, followed by spontaneous phase transfer of the DMAP-
protected nanoparticles from toluene to water. The displacement of citrate ions by DMAP 
on silver or gold nanoparticles, as weIl as on planar gold has also been reported.27,28 
These initial reports suggest that DMAP molecules readily adsorb onto gold surfaces. 
DMAP-Au nanoparticles have been used to produce various nanoparticle/polyelectrolyte 
nanostructured materials such as nanoparticle dense films on polyelectrolyte-coated 
substrates, metallodielectric opals, gold nanoparticle-doped microcapsules, core-shell and 
hollow spheres, and hybrid nanotubes with applications in the photonic crystal s, sensors, 
and optically addressable materials.29-33 The unusually high nanoparticle density in the 
composites is attributed to the lability of the DMAP ligand. Mayya and Caruso reported 
the synthesis of sulfonate-derivatized gold nanoparticIes starting from DMAP-Au.34 
These reports suggest that DMAP may be a versatile ligand for gold nanoparticles. Such 
versatility is however constrained by the current lack of details as to how DMAP acts as a 
capping ligand and how stable the DMAP-Au nanoparticles are. To this end, this Chapter 
describes the possible binding modes of DMAP to gold, the physical properties that make 
DMAP a good ligand for nanoparticle capping, the pH-dependence of the stability and 
solubility of the DMAP-protected gold nanoparticles, and, finaIly, the importance of 
excess DMAP for the preparation and stability of the nanoparticles. 
2.2 Experimental Section 
2.2.1 Materials 
Hydrogen tetrachloroaurate (III) trihydrate (99.999%), sodium borohydride (98%), 
tetraoctylammonium bromide (98%), 4-(dimethylamino)pyridine (99%), 4-
(aminomethyl)pyridine (98%), 4-methoxypyridine (97%), potassium perchlorate, and 
sodium acetate were purchased from Aldrich. 2-(Dimethylamino)pyridine (~98%) and 4-
aminopyridine (~98%) were purchased from Fluka. Acetic acid, sodium hydroxide, 
pyridine, and anhydrous sodium sulfate were purchased from Fisher Scientific. AlI 
chemicals were used as received without further purification, except for potassium 
perchlorate recrystallized twice from water. The water used in aIl experiments was 
Millipore water with a resistivity of 18 MO. 4-(Diethylamino )pyridine, 4-
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(dipropylamino )pyridine, and 4-( dibutylamino )pyridine were prepared following 
Pedersen and Carlsen and purified by successive extractions and washings with water and 
chloroform, after appropriate pH adjustment.35 
2.2.2 Preparation of DMAP-Protected Gold Nanoparticles 
TOAB-Au nanoparticles were prepared in toluene following the Brust two-phase 
method.22 An aqueous solution of hydrogen tetrachloroaurate trihydrate (500 mg in 40 
mL) was mixed with a solution oftetraoctylammonium bromide in toluene (3.06 g in 100 
mL). The two-phase mixture was vigorously stirred until aIl of the tetrachloroaurate had 
transferred into the organic phase, to give a deep orange solution. A fresh aqueous 
solution of sodium borohydride (525 mg in 30 mL) was added slowly white stirring. The 
organic phase almost immediately tumed ruby red. After further stirring (12 h), the 
organic layer was extracted and washed with Millipore water (three times) and then dried 
over anhydrous sodium sulfate. The solution was then dituted to 250 mL. The TOAB-
stabilized gold nanoparticles (TOAB-Au) were stable at 4 oC for several weeks. 
The gold nanoparticles were transferred to water following the method proposed by 
Gittins and Caruso.26 An aqueous solution of 4-(dimethylamino)pyridine (3.05 g in 250 
mL) was added to a solution of TOAB-Au nanoparticles in toluene. Phase transfer of the 
particles occurred spontaneously, and the ruby red aqueous solution of DMAP-stabilized 
Au nanoparticles (DMAP-Au) with a gold content of Img/mL was isolated. The solution, 
stored at 4 oC, was stable for months. 
2.2.3 Measurements 
2.2.3.1 UV-Vis Spectroscopy 
UV-vis spectra were obtained using a CARYl 300 spectrometer (Varian) and a 1 cm 
path length quartz cuvette. The initial concentration of gold in the samples was 0.125 
mg/mL. 
2.2.3.2 pH Measurements 
The pH of the samples was measured using a Fisher Scientific Accumet 915 pH-meter. 
The pH of the samples was decreased by adding diluted (0.25 M) or concentrated (17.5 
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M) acetic acid and increased by adding sodium hydroxide (5 M). In one series of 
experiments, small volumes of acid (or base) were successively added to the same vial 
containing a sample ofDMAP-Au nanopartic1es. In another series, increasing volumes of 
acid (or base) were added to different vials containing the sample. Both types of 
experiments were performed on different batches of nanopartic1es and gave similar and 
reproducible results. 
2.2.3.3 Electrophoretic Mobility Measurements 
Electrophoretic mobility ofDMAP-Au nanoparticles was measured on a Zeta Plus zeta 
potential analyzer (Brookhaven Instruments Corp., NY). The samples were prepared by 
diluting the DMAP-Au nanoparticles suspension at initial pH (10.5) with Millipore water 
to a concentration of 0.4 mg Au/mL. Ten mobility measurements were performed on each 
sample, and the averages were converted to zeta potentials (~- potentials). 
2.2.3.4 Transmission Electron Microscopy and Energy-Dispersive X-ray Analysis 
Carbon-coated Cu grids were dipped in the nanopartic1e solutions, the bottom side was 
quickly dried on filter paper, and the water or toluene from the sample was allowed to 
evaporate at room temperatufe. TEM images were taken using a 80 kV JEOL JEM-2000 
FX transmission electron microscope equipped with a Gatan 792 Bioscan lk x Ik Wide 
Angle Multiscan CCD camera. The mean diameters were estimated from large 
populations of gold nanoparticles (100-300 nanopartic1es). Energy-Dispersive X-ray 
(EDX) analysis of the nanoparticles deposited on grids was performed using the PGT 
Prism energy-dispersive X-ray analysis system installed in the microscope. 
2.2.3.5 Ion Chromatography Analysis 
The analysis was performed using a Dionex 4500i chromatograph with an ASl4 
separation column and AG14 guard column, sodium bicarbonate/sodium carbonate 
eluent, and conductivity detection. Nondiluted samples from three different DMAP-Au 
batches and an aqueous solution (control) with the same DMAP concentration (0.03 M) 
were analyzed. The detection limit for Br- is 1 ppm. 
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2.2.3.6 Capacitance Measurements 
A detailed description of the experimental setup, sample preparation, capacity 
measurements, and discussion of the results can be found in the Supporting Information. 
The support electrolyte was KCI04, the working electrode was a polycrystalline gold 
bead, the counter electrode consisted of a gold coiI, and the external reference electrode 
was AglAgCl. DMAP concentration in the electrochemical cell was 10-4 M. 
2.2.3.7 Surface Plasmon Resonance Measurements 
The principles, experimental setup, sample preparation, data acquisition procedure, 
and data analysis including the fitting parameters are described in detail in the Supporting 
Information. 
2.3 Resu/fs and Discussion 
2.3.1 Gold Nanoparticle Characterization 
The TOAB-Au nanoparticles exhibit a plasmon absorption band, characteristic of gold 
nanoparticles, at 522 nm (Figure 2.1, a). The displacement of the TOAB by the DMAP 
ligand is evident given that the toluene phase turned from ruby red to dark purple-blue. 
Upon transfer of the DMAP-Au nanoparticles to water, the aqueous phase adopts the 
original ruby red color. The change of color in the toluene phase most likely results from 
changes in the dielectric constant of the stabilizing ligand upon displacement of the 
weakly bound TOAB ligand by DMAP.21 The DMAP-Au nanoparticles in water exhibit a 
plasmon absorption band at 519 nm (Figure 2.1, b). The similar shape and position of the 
absorption bands in water and toluene indicate that the phase transfer and ligand 
exchange processes do not lead to aggregation. The small decrease in the wavelength of 
the plasmon band is consistent with the decrease of the solvent refractive index from 
1.494 (toluene) to 1.333 (water).36 Several batches of TOAB-Au and DMAP-Au particles 
were prepared and all exhibit similar UV -vis spectra. Electrophoretic mobility 
measurements performed on the DMAP-Au nanoparticles suspension show that their 
surface is positively charged (t-potential value of +32 m V). 
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Figure 2.1 UV-Vis absorption spectra of dispersions of (a)TOAB-Au 
nanoparticles in toluene and (b) DMAP-Au nanoparticles in water. 
Transmission electron microscopy (TEM) analysis of the DMAP*,"u nanoparticles 
shows that they are spherically shaped and have a narrow size distribution. The DMAP-
Au nanoparticles shown in Figure 2.2 have an average diameter of 6.2 ± 0.9 nm. Ali 
DMAP-Au nanoparticles reported here exhibit sizes in this range. On most areas 
visualized by TEM, the nanoparticles adopt a close-packed configuration with a 
significant extent of hexagonal packing, as expected from the narrow size distribution. A 
close examination of a nanopartic1e "island" reveals that the particles pack according to 
their size (Figure 2.2, b). The smaller partic1es (4.8 ± 0.7 nm) pack along the edges of the 
"island", white the larger ones (7.6 ± 0.5 nm) reside predominantly in the middle of the 
islands. Highly ordered radial distribution of particle sizes within the island, that is, the 
biggest partic1es at the center being surrounded by successively smaller ones, has been 
reported for gold nanoparticle samples.37 
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Figure 2.2 TEM images of DMAP-Au nanoparticles. The seaie bar 
represents 100 nm on (a) and 50 nm on (b). 
Energy-dispersive X-Ray analysis (EDX) was performed on TOAB-Au and DMAP-
Au nanoparticles (see Supporting Information). An intense bromide peak was observed 
for the TOAB-Au sample, whereas bromide was not detected in the DMAP-Au samples. 
Samples from three different DMAP-Au batches (but with identical average nanoparticle 
38 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
4-(Dimethylamino)pyridine as a Capping Agent 
size) and from a 0.03 M aqueous DMAP solution were analyzed by ion chromatography. 
No bromide ions as impurity were detected in aqueous DMAP. The amount of bromide 
ions detected in the DMAP-Au samples corresponds to 6 -16% (molar) of the gold-
associated DMAP.38 The small amount of B{ detected via ion chromatography suggests 
that the DMAP displaces rather than associates with the bromide ions, which were 
initially adsorbed on the gold surface. 
2.3.2 Binding Mechanism of DMAP 
Although the adsorption modes of DMAP on metal surfaces have not been reported, 
the adsorption of pyridine onto monocrystalline and polycrystalline gold electrodes has 
been studied by Stolberg et al. in great detai1.39-43 The orientation of the pyridine 
molecules adsorbed onto polycrystalline gold electrodes changes as a function of the 
applied potential.39,40 Pyridine molecules are adsorbed parallel to a negatively charged 
surface and bind through n-orbitals of the aromatic ring. When the gold surface is 
positive of the point-of-zero charge (PZC) , the pyridine molecules reorient to adopt a 
vertical position and bind through the free electron pair of the nitrogen atom. 
Because the DMAP molecule possesses two nitrogen atoms, additional adsorption 
formats (binding sites, orientations) may exist. X-ray characterization and DFT (density 
functional theory) calculations show that DMAP is nearly planar with a small out-of-
plane pyramidalization of the dimethylamino group (calculated inversion angle of 12° in 
solid state, 8° in solvent).44,4s Electron delocalization, enhanced by the planar geometry of 
DMAP, places a formaI positive charge on the exocyclic nitrogen atom and a formai 
negative charge on the endocyclic nitrogen atom (Scheme 2.1, lb). 
Three binding orientations, shown in Scheme 2.2, have been explicitly considered 
here: parallel to the surface via the exocyclic nitrogen lone pair and/or via the 'ir-orbitaIs 
of the aromatic ring (lIa), perpendicular to the gold surface via the positively charged 
exocyclic nitrogen in the resonance structure lb (Db), and perpendicular to the surface 
via the endocyclic nitrogen lone pair (De). 
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Scheme 2.1 Resonance structures and protonation equilibria of DMAP 
andHDMAP+. 
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Scheme 2.2 Possible binding orientations ofDMAP to gold surface. 
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The thickness of a DMAP mono layer adsorbed on a go Id surface, determined by 
surface plasmon resonance (SPR), is 8-11 A (Supporting Infonnation).46 Since the 
thickness and length of a DMAP molecule, including the pyridine nitrogen-gold bond, are 
1.8 and 7.7 A, respectively (based on crystallography data),47,48 the values obtained by 
SPR strongly suggest that the DMAP molecules adopt a vertical orientation rather than an 
horizontal orientation. The binding orientation with DMAP parallel to the metal surface 
(lIa) is therefore unlikely. 
One binding mode placing DMAP perpendicular to the gold surface involves the 
cationic exocyclic nitrogen (lb) exchanging with the tetraoctylammonium ion and 
effectively becoming the counterion for the adsorbed bromide ion (lIb). However, 
bromide analyses clearly establish that only a small quantity of bromide remains after 
DMAP adsorption. There is 6- to 16-fold less bromide present in the nanopartic1e 
suspension than gold-associated DMAP. The adsorption ofDMAP on bare gold was also 
investigated via electrochemical capacitance measurements. An electrode modified by an 
organic film displays a lower capacity as compared to the bare electrode interface. 
Comparison of the differential capacity curves shown in Figure 2.3 obtained for the 
KCI04 supporting electrolyte alone and after addition of DMAP ([DMAP]final = 0.1 mM, 
pHfinal = 9.4) clearly indicates that the addition of DMAP to the supporting electrolyte 
results in a significant lowering of the capacity. This establishes that DMAP 
spontaneously adsorbs onto bare gold, in the absence of bromide ions (see Supporting 
Information).49 
41 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
4-(Dimethylamino)pyridine as a Capping Agent 
40 
"! 30 
E 
u 
U. 
:t 
20 
10 
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 
El V vs AgAgCI 
Figure 2.3 Differentiai capacity curves for the 40 mM KCI04 
supporting electrolyte alone (top curve) and after addition of DMAP 
([DMAP]final= 0.1 mM) (bottom curve). 
The case where DMAP is binding through the endocyclic nitrogen (Ile) was tested by 
SPR. An aqueous DMAP solution (pH 3.2) was injected in the SPR cell. No adsorption 
was detected after incubation ovemight. This suggests that a DMAP molecule cannot 
adsorb onto gold when the endocyclic nitrogen is protonated. Moreover, the resonance 
form lb with the electron density localized on the endocyclic nitrogen is highly favorable 
for bonding to gold and the observed water-solubility of the DMAP-Au nanoparticles and 
positive value of the measured t-potential are consistent with the exocyclic nitrogen 
bearing a positive charge. This binding mode (Ile) is thus considered the most likely. 
Ligand exchange and subsequent phase transfer were attempted with 
2-(dimethylamino)pyridine (2-DMAP) (PKa = 7.00) added as a toluene solution to TOAB-
Au nanoparticle suspensions, in the presence of an aqueous phase.5o Neither change of 
color of the toluene phase nor phase transfer were observed with 2-DMAP. The absence 
of interaction between 2-DMAP and the nanoparticles surface probably arises from steric 
hindrance created by the presence of the dimethylamino group adjacent to the binding 
site, that is, the pyridine nitrogen. This result supports the proposed binding mechanism 
(Ile). 
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The change of color observed in toluene, upon addition of aqueous DMAP (pH 10), 
suggests that the ligand exchange takes place in the toluene phase, after extraction of 
sorne DMAP into the toluene phase. This should occur only for pH values where DMAP 
is soluble in toluene. The partitioning of DMAP between water and toluene was thus 
determined as a function of pH (5-11). The extraction of aqueous DMAP by toluene was 
determined from UV measurements of the toluene phase O.max = 282 nm, e = 2214 L· 
morI·cm-I) (Supporting Information). The phase transfer was tested by adding a series of 
aqueous DMAP solutions (0.1 M) of various pH to TOAB-Au particle suspensions in 
toluene. At pH 5-6, [DMAP]toluene :::::0 and no change of color of the toluene phase was 
observed in the corresponding phase transfer experiment. The UV -vis spectra of the 
TOAB-Au nanoparticles recorded before and after DMAP addition are similar. At pH 7 
and 8, respectively, 0.5% and 4% of the total DMAP is in the toluene phase and 
[DMAP]toluene < [TOAB]toluene in the corresponding phase transfer experiments. In fact, 
the toluene phase turned blue- gray and nanoparticle precipitation became evident, due to 
incomplete ligand exchange. At pH 9, 18% of the total DMAP is in the toluene phase and 
[DMAP]toluene ::::: [TOAB]toluene. Phase transfer was observed, but the nanoparticles 
exhibited a red-shifted plasmon band as compared to those obtained with DMAP at pH 
11, suggesting sorne nanoparticle aggregation. At pH 10 and 11, respectively, 50% and 
70% of the total DMAP transfers to the toluene phase and is available to fully displace 
TOAB at the nanoparticle surface in the corresponding phase transfer experiments. The 
color of the toluene phase changed from red to purple-blue upon addition, and phase 
transfer occurred spontaneously. These results support the hypothesis that the ligand 
exchange process takes place in the toluene phase. The positive charge on the exocyclic 
nitrogen in bound DMAP (lb) renders the DMAP-Au nanoparticles water-soluble, 
making their phase transfer from toluene to water favorable. 
The para substituent on the pyridine ring plays a role in the adsorption of DMAP onto 
the gold surface, as suggested by Caruso et al. 26 Electron-donating conjugated groups 
increase the pyridine basicity. To test if any para-substituted pyridine with a high basicity 
could be an efficient ligand for gold nanoparticles, the ligand exchange and subsequent 
phase transfer using 4-aminopyridine (a), 4-(aminomethyl)pyridine (b), and 4-
methoxypyridine (c) were assessed (Figure 2.4). Bach compound has a significant 
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resonance structure involving transfer of electron density from an electron-donating 
substituent to the endocyclic nitrogen, increasing the basicity of the binding site and 
creating a partial positive charge on the substituent. The corresponding pKa values of the 
pyridine nitrogen are 9.10 for 4-aminopyridine, 9.65 for 4-(aminomethyl)pyridine, 6.50 
for 4-methoxypyridine, as compared to 9.70 for DMAP.sl 
cS 
N 
06 N N 
a b c 
Figure 2.4 Structure of the compounds evaluated in the phase transfer 
experiments: 4-aminopyridine (a), 4-methylaminopyridine (b), and 
4-methoxypyridine (c). 
Compounds a-c were added as a 0.1 M aqueous solution (pH of solution > pKa of 
pyridine nitrogen of compound) to TOAB-Au particles dispersed in toluene. No phase 
transfer was observed with any of these compounds. The nanoparticles did however 
precipitate at the toluene/water interface after a few minutes, suggesting that sorne partial 
ligand exchange has occurred. Insufficient ligand in the toluene phase Iikely Iimits the 
extent of the ligand exchange. The partition of compounds a-c between the toluene phase 
and the aqueous phase at pH > pKa was therefore investigated. Concentration changes in 
the aqueous phase of the substituted pyridines a-c and DMAP, before and after addition 
of an equal volume of toluene to a 0.1 M aqueous sample, were monitored by UV 
spectroscopy. The concentration of a in the aqueous phase only decreases by 4% after 
addition oftoluene O"max = 242 nm, E = 14000 L'morl'cm-'), whereas it decreases by 70% 
in the case of DMAP (Amax = 260 nm, E = 18000 L·mor1·cm-1).so No transfer of b from 
water to toluene is detectable. In the case of c, only limited phase transfer occurs. 
Based on these water/toluene partition data, the nanoparticle phase transfer 
experiments were undertaken using 10 times more concentrated (1 M) aqueous solutions 
of a-c (pH > pKa). The phase transfer was efficient with a, and the resulting gold 
nanoparticles exhibited a plasmon band at 516 nm. The nanoparticles precipitated as a 
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black powder at the toluene/water interface upon addition of b or c. In the case of b, it 
was possible to redissolve the isolated powder in ethanol. The partic1es in suspension in 
ethanol exhibit a plasmon band at 521 nm. In the case of c, the powder could not be 
resolubilized in any solvent, indicating that c does not stabilize the nanoparticles. These 
results demonstrate that both high basicity of the substituted pyridines and high solubility 
in toluene are required to efficiently compete with the TOAB ligand. The small difference 
in position of the plasmon bands exhibited by the nanoparticles stabilized with TOAB 
(Âmax = 522 nm), a (Âmax = 516 nm), and b (Âmax = 521 nm) suggests that the initial core 
size was maintained upon ligand exchange. 
A dynamic equilibrium between physisorbed and free DMAP is believed to be 
important.26,29 The presence of one or more weakly bound DMAP overlayers (i.e. second 
or more DMAP layers), formed on DMAP-coated gold nanopartic1es, should also be 
considered. Free DMAP, being in large excess in the nanoparticle aqueous solution, could 
adsorb onto the positively charged nanoparticle surface (Scheme 2.3). The adsorption of 
DMAP molecules on DMAP-Au nanoparticles occurs via electrostatic interaction, and the 
electron delocalization in the overIayer is probably weaker than in the DMAP layer 
directly adsorbed onto the gold. Therefore, the charge on the exocyclic nitrogen in the 
overlayer might be insufficient to stabilize another layer, and the formation of additional 
layers seems unlikely, despite the large excess DMAP. The possibility of a bilayer is 
supported by SPR data on 2D analogues, where thicknesses of 15-18 and 8-11 A were 
measured, respectively, before and after removal ofunbound DMAP by extensive rinsing 
with MilliQ at pH 10.2. The thickness difference corresponds to the long dimension of a 
DMAP molecule (6.7 A for a free DMAP molecule). An equivalent overlayer is believed 
to be weakly bound to the DMAP-Au nanoparticles and would be readily removed by 
rinsing.46 
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Scheme 2.3 Sehematie representation ofDMAP bilayer. 
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2.3.3 Stabillty of DMAP-Au Nanoparticles as a Function of pH 
The effeet of pH on the solubility and stability of DMAP-proteeted gold nanoparticles 
was monitored via changes in the optical properties. Mie theory prediets that spherieal 
gold nanopartic1es, whose sizes are much smaller than the wavelength of the incident 
visible light, will exhibit an absorption band at approximately 520 nm in water.52 Changes 
in the proximity of the particles occurring during aggregation cause long-range coupling 
of the surface plasmons, resulting in a red-shift of the surface plasmon band. Aggregation 
also results in a dampening and broadening of the plasmon band. Modeling and 
experiments confirm that additional spectral features arise at wavelength > 600 nm when 
the interparticle spacing is less than the nanoparticle radius. These features arise from the 
electromagnetic multipole interactions between particles.14.53-55 
The absorption spectra of an aqueous solution of DMAP-Au nanoparticles were 
recorded as a function of pH (10.5-3.3) (Figure 2.5). The position and shape of the 
plasmon absorption peak remain unchanged when the pH is gradually decreased from 
10.5 to 5.0. A small blue-shift (2-3 nm) in the plasmon band is observed at pH 5.0_5.5.56 
The peak slightly broadens at pH 4.6, consistent with an increase in the size and shape 
dispersion of the nanopartic1es. A 5-6 Dm red-shift of the plasmon band occurs at pH 4.4, 
confirming the beginning of aggregation. A large red-shift (19 nm) and broadening of the 
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plasmon peak are observed at pH 4.1, while an increase in intensity at À > 600 nm 
suggests that flocculation has occurred. At pH 3.7, the plasmon band characteristic of 
small spherical gold particles has almost disappeared and the intensity in the 600-800 nm 
range has greatly increased. Finally, at pH 3.3, the spectrum is flat with low intensity. The 
solution is no longer composed of individual particles.s7 The reversibility of the 
aggregation was investigated by adding NaOH to the DMAP-Au nanoparticles at the 
beginning of aggregation (pH 4.6) or once fully aggregated (pH 3.3). Neither a blue-shift 
of the plasmon band nor a recovery of the plasmon peak in the spectrum is observed when 
the pH of the nanoparticles suspension is restored to 12, suggesting that the aggregation 
process is irreversible. 
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Figure 2.5 UV-Vis absorption spectra of aqueous dispersion of DMAP-
Au nanoparticles of decreasing pH (from top to bottom curve): 10.5 
(initial pH), 8.9, 5.6, 5.0, 4.6, 4.4,4.3,4.1,3.7, and 3.3. The acetic acid 
concentration in the sample is, respectively, 0, 3.1,4.6, 6.1, 9.0, 11.9, 
14.7, 18.8,40.2, and 80.2 mM. 
The aggregation of the particles and eventual agglomeration observed at pH < 5.0 
might be due to the loss of stabilizing ligand induced by the protonation of the ligand. It 
could be due to changes in the ionic strength or to the bridging of the positively charged 
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DMAP-Au nanoparticles by the acetate ions upon addition of acetic acid. The aggregation 
could also be caused by the dilution of the sample or the protonation of the free (i.e. 
solution) DMAP in the sample, pushing the adsorbed DMAP/free DMAP equilibrium 
toward DMAP desorption. This loss of ligand will create unprotected areas on the 
nanoparticles and result in flocculation. 
Electrostatic/ionic strength.effects were probed by addition of sodium acetate, which 
was added at fixed pH (10.2 ± 0.1) in the same concentration range as that used in the 
addition of the acetic acid. No evidence for aggregation and flocculation (Le. plasmon 
red-shift and spectral shape change) was observed upon addition of acetate (Figure 2.6). 
This result indicates that when acetic acid is added to the sample, the lowering of the pH 
rather than electrostatic effects induces DMAP-Au nanoparticle aggregation. 
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Figure 2.6 UV-Vis absorption spectra ofaqueous dispersion ofDMAP-
Au nanoparticles after successive additions of sodium acetate. The 
acetate concentration in the sample is (from top to botiom curve): 
OmM, 4.6 mM, 9.0 mM, 18.8 mM, 37.1 mM, and 78.6 mM. 
The effect of dilution was studied by adding successive small volumes of Millipore 
water to a DMAP-Au nanoparticle sample and recording the UV-vis after each addition, 
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the pH remaining nearly constant (10.55-10.3) (Supporting Information). Neither a shi ft 
in the plasmon band position nor a shape change results. Dilution is clearly not the origin 
of the loss of ligand from the nanoparticles. The role played by the protonation of free 
DMAP in solution on the aggregation of the DMAP-Au nanoparticles was assessed using 
aqueous solutions ofDMAP-Au nanoparticles containing an additional 10- and 100-fold 
excess DMAP. A red-shift in the plasmon band, characteristic of the initial stages of 
aggregation, was observed at pH 4.5 and 4.1, respectively. The initiation of aggregation 
occurs around pH 4.5, independent of the DMAP concentration. The nanoparticle 
aggregation thus most likely originates from the protonation-driven release of 
nanoparticle-associated DMAP. Aggregation resulting from the loss of protective ligand 
is expected to be irreversible. 
In the absence of a direct measurement of the pKa of the Au(s)-DMAP (pKa Au-DMAP), 
we infer from the aggregation onset point (ca. pH 4.5) that the PKaAu-DMAP is in the range 
of 4-5. This large pKa decrease (PKa of free DMAP is 9.7) clearly arises from a 
combination of effects: the stabilization of the pyridine nitrogen lone pair by the partial 
positive charge of the gold core and the well-documented surface potential etTects on 
local concentrations. 58 This later etTe~t is more correctly an apparent pKa shift as it is 
attributed to the difficulty of forming charges at the interface or local field-associated 
concentration etTects. 
The aggregation of the DMAP-Au nanoparticles at low pH was also monitored by 
TEM (Figure 2.7). At pH 10.5, small individual particles with diameters ranging from 4 
to 7.5 nm are observed (Figure 2.7, a). At pH 4.6, the sample is composed of large 
spherical particles ranging from 10 to 19 nm (28% of the particles) and smaller particles 
4-10 nm in diameter (Figure 2.7, b). At pH 3.7, the aggregation process is more advanced 
(Figure 2.7, c) and the aggregates are much bigger. The resulting particles appear to be 
homogeneous in the sense that they are not resolved into subunits. Finally, at pH 3.3, the 
particles have formed huge agglomerates, with nearly no individual particles present 
(Figure 2.7, d). This microscopy study is consistent with the UV-vis results described 
above where the nanoparticles were observed to aggregate on decreasing the pH and 
eventually coalesce at very low pH. 
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Figure 2.7 TEM images of DMAP-Au nanoparticles at pH (a) 10.5, 
(b) 4.6, (c) 3.7, (d) 3.3. The scale barrepresents 50 nm on aIl images. 
DMAP analogues with a substituent longer than CH3 attached to the amino group were 
also considered as potential ligands. The alkyl chains might build a hydrophobie shell 
around the gold core and prevent or retard the protonation of the pyridine nitrogen, 
perhaps increasing the stability at low pH. 
4-(Dibutylamino)pyridine (PKa = 9.58), 4-(dipropylamino)pyridine (PKa = 10.27), and 
4-( diethylamino )pyridine (PKa = 10.18) in toluene were added to TOAB-Au nanoparticle 
suspensions, in the presence of an aqueous phase.59 No phase transfer oeeurs, but sorne 
precipitate forms. The isolated precipitate remains insoluble in water (at various pH 
values), ethanol, dichloromethane, and tetrahydrofuran. It is possible that the longer 
substituents create sorne steric hindrance and prevent the formation of a stable protecting 
monolayer around the gold cores. 
The stability of DMAP-Au at high pH was also investigated. No shift in the position of 
the plasmon absorption peak is observed when the pH of the solution was gradually 
increased from 10.5 to 13.0 but the peak slightly broadens. At pH 13.3, the peak is 
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significantly broader and the increase in intensity at wavelengths > 600 nm suggests the 
onset of flocculation. At pH 13.7, the broad plasmon peak has red-shifted from 519 to 525 
nm and the absorbance at longer wavelength has increased, indicating flocculation 
(Supporting Information). 
DMAP is thus concluded to be the ligand of choice for preparing water-soluble 
protected gold nanoparticles in the sense that it conf ers solubility and stability over a wide 
pH range (pH 5.0-12.8). The stability of water-soluble ligand-stabilized nanoparticles 
usually depends on the degree of ionization of functional groups at the nanoparticle 
surface and is therefore limited to a smaller pH range. Simard et al., for example, reported 
that I1-mercaptoundecanoic acid-stabilized gold nanopartic1es aggregate at pH < 7, as the 
degree of ionization of the carboxylic acid groups decreases.60 Cationic nanoparticles 
stabilized with 2-( dimethylamino )ethanethiol hydrochloride are stable between pH 3 and 
8.61 Thiols bearing a strong acid end-group confer solubility and stability to nanoparticles 
over a broad pH range. For example, 2-mercaptoethanesulfonate-stabilized gold 
nanoparticles are soluble and stable from pH 0.2 to 11.61 Quatemary ammonium-
terminated thiols, whose positive charge is independent of pH, have also been used to 
prepare water-soluble nanoparticles.8 These ligands confer stability over a wide pH range 
but are strongly bound to the gold surface. In the case of DMAP, the positive charge on 
the exocyclic nitrogen arises from electron delocalization in the molecule (Ia/lb, Scheme 
2.1) and not from ionization of a functional group. The protonation of the exocyclic 
nitrogen is very unlikely to occur given that the pKa of the enamine in free DMAP is 
calculated to be -9.3 or _4.4.59,62 DMAP-Au nanoparticles are therefore positively charged 
from pH 5.0 to 12.8. To the best of our knowledge, there is no example of a 
noncovalently bound ligand, which conf ers solubility and stability to a nanoparticle over 
such a wide pH range as does DMAP. 
Another advantage of using DMAP as a nanoparticle ligand is its pH-dependent 
lability. This feature could be explored in pH-assisted ligand exchange with other 
noncovalent ligands. A pH-induced desorption of DMAP in the presence of a new ligand 
may be an entry to the formation of new nanoparticles. !ts pH-dependent solubility would 
also be an asset for the purification of the new nanoparticles (DMAP is soluble in organic 
solvents, while HDMAP+ is soluble in water). 
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2.3.4 Role of Excess DMAP 
The role played by the equilibrium between the free (excess) and bound DMAP is of 
importance in understanding and using DMAP as a nanopartic1e ligand. Due to the 
partition equiIibrium of DMAP between water and toluene (30-70%) at pH 10.5, a large 
excess of DMAP is required to fully displace the TOAB ligand. Because the DMAP 
concentration necessary to stabilize a 1 mg/mL gold core suspension was estimated to be 
-0.6 mM,63 a 0.1 M DMAP solution introduces a 50-fold excess ofDMAP ([DMAP]aq = 
0.03 M after partition). DMAP-coated nanoparticles obtained when adding 0.005 or 0.02 
M aqueous DMAP solutions exhibit a red-shift of 20 and 3 nm, respectively, 
characteristic of larger nanoparticles being formed due to incomplete stabilization of the 
gold cores. Excess DMAP is thus necessary in the preparation of the nanoparticles by 
ligand exchange. 
The role of free DMAP on the stability of the capped nanoparticles was investigated 
by removing excess DMAP from the DMAP-Au nanoparticles suspension. This was 
achieved by repeated extraction into toluene. The pH of the suspension tends to decrease 
as DMAP is removed, which in itself can cause aggregation of the nanoparticles as per 
above. The stability of the sample was followed by monitoring the position of the 
plasmon band, the pH being adjusted to Il throughout the extractions. The suspension 
aggregates when [DMAP] < 1.5-1.8 mM, suggesting that a 2.5-3-fold excess ofDMAP is 
necessary to prevent aggregation and flocculation. The DMAP-gold interaction is c1early 
kinetically labile unlike the more commonly used aIkyIthiol-gold interaction. 
While DMAP-Au nanoparticles were found to be stable above pH 5, the quantity of 
unprotonated DMAP free in solution at this pH is much smaller than the amount 
necessary to stabilize the DMAP-Au nanoparticles. The observed stability at pH 5-7 
suggests that the abundant HDMAP+ in solution might play a roIe in the stabilization of 
the nanoparticles. A protective layer formed by electrostatic interactions may prevent 
desorption ofbound DMAP. 
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2.4 Conclusions 
DMAP is shown to be an excellent ligand for stabilizing water-soluble gold 
nanoparticles. It possesses all the characteristics required to displace TOAB at the surface 
of the gold and transfer the stabilized nanoparticles into water: (i) a high solubility in 
water and toluene, (ii) a high basicity, and (iii) a charge on the gold-associated ligand 
molecules, which renders the nanoparticles water-soluble. DMAP-protected gold 
nanoparticles exhibit a relatively narrow size distribution. Their stability and solubility in 
water over a wide range ofpH (from 5.0 to 12.8) could be a great asset for applications in 
a variety ofbio-related fields such as drug delivery, biolabeling, and biosensing. Finally, 
due to the labile character of the ligand and its pH-tunable solubility in water or toluene, 
the DMAP-protection can be used as starting material for the preparation of nanoparticles 
soluble in water or organic solvent. 
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the pK. of layer directly adsorbed onto gold). The DMAP-Au nanoparticles are expected 
to have a greater charge density after removal of the overlayer, due to a stronger charge 
delocalization in the DMAP molecules directly adsorbed onto gold. In fact, 
electrophoretic mobility measurements performed on the DMAP-Au nanoparticles 
suspension at pH 5.0 yield larger zeta-potential values. The particle-particle repulsive 
interactions will increase and a small blue-shift characteristic of a greater interparticle 
distance is expected. 
(57) These effects are evident from a visual monitoring of the color on decreasing the 
pH: it changes from ruby red to blue/gray as the pH decreases. Eventually the solution is 
colorless, and black flocculates are observed. 
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2.7 Supporting Information 
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keV 
Figure S2.1 BDX spectra of (a) TOAB-Au nanoparticles, (b) DMAP-
Au nanoparticles. 
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Figure 82.2 Percentage of DMAP in the toluene phase as a function of 
the pH of the DMAP aqueous phase. 
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Figure S2.3 UV-Vis absorption spectra of aqueous dispersion of 
DMAP-Au nanoparticles before (top curve) and after successive 
additions of 100J.lL of milliQ water. 
t.8 --------------.. -.------------.--.... 
Figure S2.4 UV-Vis absorption spectra of aqueous dispersion of 
DMAP-Au nanoparticles brought to various pH: 10.6 (initial pH), 12.8, 
13.0, 13.3, 13.7, and 13.8 (from top to bottom). The sodium hydroxide 
concentration in the sample is respectively 0 mM, 98 mM, 180 mM, 
375 mM, 1.26 M, 1.80 M. 
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Electrochemical Measurements 
Solutions: AlI solutions were prepared from Milli-Q water in acid-washed glassware. The 
supporting electrolyte was 40 mM KCI04, which was chosen because perchlorate ions 
show no specific adsorption on gold. A 6 mM DMAP and 0.85M HCI04 stock solutions 
were prepared. AlI the solutions were degassed with argon for at least 1 hour before each 
experiment. During the experiment, argon was passed over the top of the solution. The 
experiments were carried out at 25°C. 
Electrodes: The working electrode was a polycrystalline gold bead, which was formed by 
melting a gold wire. The area of the electrode was estimated by measuring the capacity of 
the electrode in 40 mM KCI04 and scaled to the known capacitance of polycrystalline 
gold at negative potentials. The counter electrode consisted of a gold coiI of wire. An 
external AglAgCI electrode was used as the reference electrode. AlI potentials reported 
are relative to AglAgCI. Before each experiment, the gold working electrode was flame 
annealed and quenched with Milli-Q water. 
Impedance measurements were performed using a Solartron SI 1287 potentiostat and a 
1255B Frequency Response Analyzer (FRA). Frequency dependence measurements were 
made for a series of applied DC potentials with a range of frequencies between 5000 and 
0.5 Hz. These curves fit to a simple circuit of a resistor, to deseribe the electrolyte 
resistance, in series with a constant phase element (CPE) to de scribe the interfacial 
eapacitanee. A CPE was neeessary as the frequency dispersion of a solid electrode causes 
deviation from an ideal capacitor [MacDonald, J.R., Impedance Spectroscopy, Wiley: 
New York, 1987]. In aIl cases the roughness parameter (a) for the CPE was 0.90 < a < 
0.99 with a value of unity indicating a perfeet capacitor. As the simple R-CPE circuit 
described the frequency dependence over a the range of applied DC potentials studied, 
single frequency capacity measurements could be made at 25 Hz with a DC potential 
sweep at 5 mY/s. The amplitude of the ac perturbation was 5 mY rms. From the FRA 
both the in-phase (IR) and out·of.phase (le) currents were used to calculate the 
capacitance as a function of the DC potential C(Ene). 
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where Vac is the ac amplitude and ID is the angular frequency (SOn). The C(Eoc) plots are 
shown in Figure 2.3. 
Capacity measurements provide information pertaining to the presence of adsorbing 
organic molecules on the metal electrode surfaces. The inner layer capacity if the 
interface can be described as a Helmholtz capacitor 
C= &&0 
d 
where E is the relative permittivity of the dielectric layer (Eo is the permittivity of vacuum 
8.85 x 10-12 C V-I m- I) that separates the metal from the diffuse part of the electrical 
double layer by a distance d. In the absence of an adsorbed organic layer, there is only a 
thin film of water having a high relative permittivity (E - 80). Organic films are 
characterized by roughly a factor of 10 lower permittivities and, as the adsorbing 
molecule is larger than water, a larger value of d. Consequently, an electrode modified by 
an organic film should display a lower capacity compared to the bare electrode interface. 
The capacity was measured for the 40 mM KCI04 supporting electrolyte alone (top curve) 
and after addition of 0.1 mM DMAP (bottom curve). The pH of the 0.1 mM DMAP + 40 
mM KCI04 solution was independently determined to be 9.4. 
The top curve in Figure 2.3 is in excellent agreement with differential capacity curves of 
polycrystalline gold previously reported in the literature [Iannelli, A.; Richer, J.; 
Lipkowski, J. Langmuir, 1989, 5, 466-473.]. The capacitive pit at - OV is due to the 
diffuse layer minimum [Clavilier, J. J. Electroanal. Chem., 1977, 80, 101]. Comparison 
of the top and bottom curves clearly indicates that the addition of DMAP to the KCI04 
electrolyte results in a significant lowering of the capacity. At very negative potentials, 
the two curves nearly merge, which indicates that DMAP can be desorbed from the 
electrode if a sufficiently negative potential is applied to the electrode. As the potential is 
scanned in the positive direction, there is a large pseudo capacitive peak that is 
attributable to the kinetics of potential induced DMAP adsorption. The region of 
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potentials between -0.4 V and O.4V are characterized by a quasi plateau in the capacity 
with a value of 9 J.lF cm-2 < C < 12 J.lF cm-2• For completeness, we note the smaU 
capacitive peak at ca. 0.05 V, which may represent a phase transition in the adsorbed 
layer but a more thorough investigation is beyond the scope of this paper. Returning the 
potential sweep in the negative direction reveals a qualitatively reversible process, 
although the hysterisis in the positive-going and negative-going sweeps indicates a kinetic 
influence. 
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Surface Plasmon Resonance Experiments 
Principle: SPR measures the intensity of reflection of an incident light on the backside of 
a gold-coated glass slide. SPR curves are obtained by measuring the reflected light 
intensity as a function of the incident angle. The reflected light intensity is minimal at the 
"SPR angle" or "coupling angle". Changes in refraction index in the region near the gold-
solution interface (due to organic molecule adsorption onto the gold surface) result in 
changes of SPR angle. 
Experimental set-up: A thin gold layer (thickness -50nm) was evaporated on a LaSFN9 
glass slide (n632.8nm = 1.845, Hellma Optik). The slide was optically coupled to a right-
angle LaSFN9 glass prism (Hellma Optik) by using a matching oil (l-iodonaphtalene 
sul fur, n = 1.700, SPI). A Teflon flow-cell (volume -lmL) was pressed against a clean 
microscope slide. The prismlgold slide assembly was then pressed on top of the cell, 
allowing the gold film to be exposed to the filling solution. A tight sealing was ensured 
by O-rings. The alignment of the back reflected beam with the incident beam was 
performed at 45° 
The full assembly was mounted on the stage of a stepper-motor driven 0/20 goniometer 
with angular resolution of 0.01 degree (Huber 414a), so that the center of the gold slide is 
at the axis of rotation. The goniometer and data acquisition were controlled through an 
IEEE interface board (Keithey KPC-488.2, software from Resonant Probe). 
A computer-controlled scanning angle apparatus (Resonant Probe Microscopy GmbH, 
Mainz, Germany) was used to perform the SPR measurements. The incident light was a 
linearly polarized HeNe laser (output power = 5mW, Â. = 632.8nm, IDS Uniphase), 
attenuated, and p-polarized with respect to the plane of incidence on the gold surface 
(Glan-Thompson polarizing prism, Halle). The optical signal was modulated to a 
frequency of 1 kHz (optical chopper, Perkin Elmer 197) and correlated to the detection 
through a lock-in amplifier (EG&G PAR 5210). 
The light reflected at the metal/prism interface was focused on a silicon photodiode 
detector and the photodiode signal was measured with the lock-in amplifier in phase with 
the incident light source. 
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Iock-in amplifier 
Figure S2.5 The SPR instrument configuration, with 8sample = 45° and 
8detector = 90°. 
Solutions: AlI solutions were prepared with Milli-Q water, in glassware washed with 
boiling EtOHICHCh, rinsed with EtOH, and dried with N2• A 10mM OMAP aqueous 
solution was prepared. Flushing solution was prepared by adding sodium hydroxide to 
MilIiQ water (pH 10.4). For the experiment at pH 3.2, diluted acetic acid was added to 
OMAP solution. 
Flow-cell and gold slides: The flow cell was completely disassembled and each part were 
washed with boiling EtOHICHCh, rinsed with EtOH, and dried with N2• The LaSFN9 
glass slides were carefully washed: sonicated for 5 min in 5% Hellmanex soap solution, 
extensively rinsed with Milli-Q, sonicated for 5 min in Milli-Q, rinsed, sonicated for 5 
min with EtOH, and finally kept in cIean EtOH until being used for the gold evaporation. 
The tweezers used to transfer the slides to the evaporator sample holder and to remove 
them after gold evaporation were also carefully cleaned with boiling EtOHICHCh. The 
coated slides were kept in a TLC cuve filled with EtOH 99% and closed with parafilm. 
The gold slides were not kept for more than 4 days after evaporation and were dried with 
N2 before being used. 
Data acquisition: The SPR angle tracking vs. time was started (kinetic adsorption data). 
Once the baseline was stable, OMAP solution was carefully injected in the cell using a 
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syringe, making sure to not form air bubbles. Once a plateau was reached (no more 
molecule adsorption), the cell was flushed with Milli-Q, typically adjusted to pH 10.4 to 
prevent the pH-induced desorption of DMAP. Once the SPR angle was stable, the SPR 
angle tracking experiment was stopped and an SPR curve (reflected light intensity vs. 
incident angle) was acquired. 
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Figure S2.6 Example of SPR angle tracking vs. time curve (DMAP 
adsorption). 
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Figure S2.7 SPR curve with the 8 ranges used for fitting indicated. 
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Data analysis: The acquired SPR curves were fitted to simulated curves, generated by the 
Resonant Probe Software using a multilayer Fresnel optical model. The exact parameters 
for the gold layer were obtained from the fitting with Milli-Q water in the cell and kept 
constant in the next fitting (with DMAP). After DMAP adsorption, the system consisted 
of 4 layers and the fitting gave the actual values for the solution dielectric constant and 
DMAP film thickness. The following values were used to generate the simulated curves. 
The values in italics were then varied in order to make the acquired curve and simulated 
curve overlap. 
Layer Thickness E' E" (nm) Layer 
Thickness E' E" (nm) 
Prism 0 3.404 0 Prism 0 3.404 0 
Gold 50 -12.9 1.2 Gold fitting water fitting w fitting w 
Water 0 1.777 0 
DMAP from fitting 2.25 0 thin film 
Solution 0 1.777 0 
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Table S2.1 Values and calculations used to estimate the 
concentration of bound TOAB for a sample containing 1 mg 
Au/mL. 
Radius of Au atom* (rAu) 1.62 A 
Radius of NP (rNP) 31 A 
Volume ofa NP (a) 
4/371rNl 
124788 AJ 
Volume of a Au atom (b) 
4/371rAu3 
17.81 AJ 
# Au atoms in a NP (c) 7006 
c=a/b 
MW of Au 196.97 glmol 
#mol of Au in the batch (500mg Au) (d) 2.54e-3 mol 
d=0.5/MW 
# mol of NP in the batch (e) 3.6e-7 mol 
e=d/c 
Surface of a NP (t) 12076 AZ 
471rNi 
Fooprint of a Au atom (g) 8.24 AZ 
7IrAu 
# Au atoms at surface of NP (h) 1465 
h=f/2 
Assumed molar ratio adsorbed TOAB 1:2 
molecule : surface Au atom 
# TOAB molecule at surfofa NP (m) 732 
m=hl2 
# bound TOAB in batch (n) 2.7e-4 mol 
n=e*m (500 mL) 
Cone of bound TOAB in bateh (0) 5.4e-4 moUL 
0=0/0.5 
*average of the atomic radius of Au (1.79 A) and the covalent 
radius of Au (1.34 A). 
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Table S2.2 Values and calculations used to estimate the 
concentration of bound DMAP for a sample containing 1 mg 
Au/mL. 
Radius of Au atom . (rAu) 1.62 A 
Radius of NP (rNP) 31 A 
Volume ofa NP (a) 
4/311l"NP3 
124788 AJ 
Volume of a Au atom (b) 
4/311l"Au3 
17.81A3 
# Au atoms in a NP (e) 7006 
e=a/b 
MW of Au 196.97 g/mol 
#mol of Au in the batch (500mg Au) (d) 2.54e-3 mol 
d=0.5/MW 
# mol of NP in the batch (e) 3.6e-7 mol 
e=dlc 
Surface of a NP (f) 
411lNp2 
12076 AI. 
Fooprint of a Au atom (g) 8.24 AZ 
1Il"Au 
# Au atoms at surface of NP (h) 1465 
h=fI~ 
Footprint ofa DMAP molecule (i) 14.7 Al. 
# DMAP molecule at surf of a NP 0) 821 
j=f/i 
# bound DMAP in batch (k) 2.95e-4 mol 
k=e*j 
Cone of bound DMAP in a bateh (1) 5.9e-4 mollL 
l=klO.5 (500 mL) 
Au : DMAP ratio at NP surface 1.78: 1 
h/j : 1 
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Polyelectrolyte-Coated Gold 
N anoparticles 
Reproduced, in part, with pennission from Langmuir, submitted for publication. 
Unpublished work, copyright 2005, American Chemical Society. 
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Polyelectrolyte-Coated Gold Nanoparticles 
DMAP-Au nanoparticles are water-soluble cationic nanoparticles stabilized with a 
noncovalently bound ligand. In this Chapter, their use as precursor for polyelectrolyte-
coated gold nanoparticles is investigated. The interactions between DMAP-Au 
nanoparticles and oppositely charged polyelectrolyte chains are probed by monitoring 
changes in the optical properties of the nanoparticles. The composition of the 
polyelectrolyte-coated nanoparticles is investigated. Attempts to prepare the same 
nanoparticles via direct synthesis are also reported. 
3.1 Introduction 
Unprotected metal nanoparticles (NP) are thermodynamically unstable and often 
undergo aggregation to reduce their interfacial area and thus their surface energy. NP can 
be stabilized by molecules that are able to covalently bind or electrostatically adsorb onto 
the surface. Commonly used stabilizing agents include citrate ions, thiols, phosphines, 
and amines.1 Polymers are also widely used to stabilize metal NP and protect against 
aggregation by steric stabilization. Polymer-stabilized NP can be prepared via several 
methods: synthesis of the NP in presence of the polymer,2-4 polymerization in the 
presence of NP, 5,6 simultaneous nucleation of NP and polymerization,7,8 incorporation of 
stabilized gold NP into polymers,9 or adsorption of polymers containing thiols or 
disulfides onto NP. IO-12 Polyelectrolytes (polymers bearing ionizable groups) can adsorb 
onto oppositely charged NP via electrostatic interactions. 13 
The interactions of polyelectrolytes with oppositely charged spheres, in the size range 
of 70 to 800 nm, have been studied experimentally, due to their numerous industrial 
applications. I 4-17 The wrapping of polye1ectrolyte chains around small charged NP (~1 0 
nm) has however primarily been a topic of theoretical research,18-21 given the difficulty in 
coating such small spheres without inducing their aggregation via bridging. Theoretical 
studies suggest that the complexation of a polyelectrolyte chain with a charged NP 
depends on the charge of the sphere, the linear charge density (charge per unit length) of 
the polyelectrolyte, the sphere radius, the polymer flexibility, and the ionic strength of the 
solution.2o The large surface curvature of small nanoparticles « 10 nm) is expected to 
limit the adsorption of polyelectrolytes.18 The wrapping of polye1ectrolytes around NP 
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with a diameter smaller than the screening length, long at low ionic strength where gold 
NP coated with ionizable ligands are stable, is unfavored.22 Schneider and Oecher 
recently reported the preparation ofvery stable core/shell nanoparticles via layer-by-layer 
deposition of relatively low Mw polyelectrolytes (poly( styrene sulfonate) Mw = 1.3'104, 
fully stretched length = 16 nm, random coil end-to-end distance = 2 nm and 
poly(allylamine hydrochloride) Mw = 1.5,104, fully stretched length = 40 nm, random coil 
end-to-end distance = 3.1 nm) onto 13.5 nm gold NP. 13 Polyelectrolyte multilayers were 
also constructed at the surface of 7 nm gold NP using polyelectrolytes with Mw ~ 2.104 
(fully stretched length ~15 nm, random coil end-to-end distance -2 nm).23 The length of 
the fully stretched polyelectrolyte is approximately equal to the NP circumference. 
The work presented here falls in a regime of particle size-to-polymer size that has not 
been explored experimentally in detail so far. The wrapping of two long polyelectrolytes 
on 6 nm OMAP-Au NP (19 nm in circumference) was investigated; poly(acrylate) (PAA) 
with Mw = 1.8'105, which has a length of475 nm when fully stretched and an end-to-end 
distance of 10.9 nm as a random coil and poly(styrene sulfonate) (PSS) with Mw = 7'104, 
which has a length of 85 nm when fully stretched and an end-to-end distance of 4.6 nm as 
a random coil. Under the experimental conditions explored, the polyelectrolyte 
dimensions probably lie somewhere between the values indicated. 
DMAP-Au NP were used to produce various nanoparticle/polyelectrolyte 
nanostructured materials.24-26 However, the driving force of the assembly of DMAP-Au 
NP with oppositely charged polyelectrolyte chains remains unclear. Dong et al. suggested 
that OMAP-Au NP assemble onto an oppositely charged PSS-coated surface via both 
electrostatic interactions and ligand exchange reaction between the noncovalently bound 
DMAP ligand and the polyelectrolyte chains.26 Acrylamide-based chains bearing 
disulfide anchoring groups were able to displace labile citrate ions from gold NP surfaces, 
yielding stable polymer-coated gold colloids.27 Interestingly, analogous polymer chains 
without disulfide moieties were also able to displace the citrate, in spite of the fact that 
individual residues have a much lower affinity for gold. These non-specific polymer-gold 
interactions were proposed to originate from hydrophobie forces. More recently, 
poly(acrylic acid) was reported to also bind onto planar bare gold surfaces.28 
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The aim of the work presented in this Chapter is to assess whether polyelectrolyte 
chains can act as ligands for very small gold NP, -6 nm in diameter. In the first approach, 
direct syntheses of gold NP protected with poly(acrylate) (PAA) and poly(styrene 
sulfonate) (PSS), via reduction of gold salt in the presence of excess polyelectrolyte, were 
attempted. The second approach was to investigate the interactions of the water-soluble 
DMAP-Au NP, described in Chapter 2, with PAA and PSS. The polyelectrolyte chains 
may either adsorb to the surface of positively charged DMAP-protected nanoparticles or 
displace the labile DMAP ligand and bind directly to the nanoparticle surface. 
Polyelectrolyte-stabilized nanoparticles (i.e. polyelectrolyte-DMAP-Au NP or 
polyelectrolyte-Au NP), would probably exhibit different sensitivities to pH compared to 
the DMAP-Au NP system. The interactions between DMAP-Au NP and polyelectrolyte 
chains were monitored via changes in the optical properties of the NP and by transmission 
electron microscopy. Finally, the presence of adsorbed DMAP on the resulting 
nanoparticles was investigated to determine if ligand exchange had occurred. 
3.2 Experimental Section 
3.2.1 Materials 
Hydrogen tetrachloroaurate (III) trihydrate (99.999%), sodium borohydride (98%), 
tetraoctylammonium bromide (98%), 4-(dimethylamino)pyridine (99%), poly(styrene 
sulfonate) (sodium salt, Mw = 7'104), poly(acrylate) (sodium salt, Mw = 3'104, 40% 
weight aqueous solution), poly(vinyl sulfonate) (sodium salt, Mw = 5'103, 25% weight 
aqueous solution), and sodium acetate were purchased from Aldrich. Acetic acid and 
sodium hydroxide were purchased from Fisher Scientific. Ali purchase chemicals were 
used as received without further purification. Poly(acrylate) (sodium salt, Mw = 1.8'105) 
was obtained from Prof. A. Eisenberg. The water used in ail experiments was Millipore-
purified water with a resistivity of 18 Mn. 
3.2.2 Direct Synthesis of Polyelectrolyte-Protected Gold NP 
P AA or PSS was added to an aqueous solution of hydrogen tetrachloroaurate 
trihydrate in a molar ratio PAA residue:Au of7:1 and 35:1 and PSS residue:Au of9:1 and 
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47:1. The pH of the reaction mixture with PSS was adjusted to various values (1 to 6) 
before the reduction step. Freshly prepared sodium borohydride aqueous solution was 
added drop wise while stirring (molar ratio NaBH4: Au = Il: 1). The reaction was stirred 
for 24 hours at room temperature. 
3.2.3 Preparation of DMAP-Protected Gold NP 
Gold NP stabilized with DMAP were prepared by ligand exchange and phase transfer 
(toluene/water) of TOAB-functionalized gold nanoparticles, fo11owing the method 
described by Gittins and Caruso.29 An aqueous solution of hydrogen tetrachloroaurate 
trihydrate (500 mg in 40 mL) was mixed with a solution oftetraoctylammonium bromide 
in toluene (3.06 g in 100 mL) and the mixture was vigorously stirred until a11 the 
tetrachloroaurate had transferred into the organic phase. A freshly prepared aqueous 
solution of sodium borohydride (525 mg in 30 mL) was added slowly while stirring. After 
further stirring (12 hours), the ruby red organic layer was extracted, washed with 
Millipore water (3 times), and dried over anhydrous sodium sulfate. The TOAB-stabilized 
gold nanoparticles (TOAB-Au NP) solution was diluted to 250 mL to reach a gold 
content of 1 mg/mL. An equal volume of aqueous 4-(dimethylamino)pyridine (3.05 g in 
250 mL) was added to the solution of TOAB-Au nanoparticles in toluene. Phase transfer 
of the particles occurred spontaneously and the ruby red aqueous solution of DMAP-
stabilized Au nanoparticles (DMAP-Au NP) was isolated. The solution, stored at 4°C, is 
stable for months and was used as prepared, without removing the excess DMAP 
involved in the NP synthesis. 
3.2.4 Extraction of Excess DMAP 
The pH of DMAP-Au NP suspension containing P AA or PSS was decreased to 2.6 or 
2.4 respectively, the adsorption of the polyelectrolyte chains onto the nanopartic1es being 
maximal at low pH. After 24 hours, the pH was increased to -12 to convert free DMAP 
to its neutral form. Basic water was added to NP samples containing no polyelectrolyte 
(control samples) in order to have equivalent dilution in the control samples. Free DMAP 
was removed by repeated extraction with toluene, the aqueous phase being carefully 
maintained at pH> pKa DMAP (9.70). UV spectra of the aqueous phase were recorded and 
the DMAP concentration was calculated from the absorbance at 260 nm (E = 18000 
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M-1·cm-I).30 DMAP extraction was aIso conducted on samples containing DMAP and 
polyelectrolyte (no NP), in the same ratio as in the experiments described above. 
3.2.5 Measurements 
3.2.5.1 UV-Vis Spectroscopy 
UV-vis spectra were obtained using a CARYl 300 spectrometer (Varian) and a 1 cm 
path length quartz cuvette. The initial concentrations in the samples were: [DMAP] = 4 
mM, [Au] = 0.125 mg/mL, [PAA, residue] = 0.46 mM, [PSS, residue] = 0.60 mM, [PVS, 
residue] = 0.60 mM. 
3_2.5.2 pH Measurements 
The pH of the samples was measured using a Fisher Scientific Accumet 915 pH-meter. 
The effect of pH on the polyelectrolyte-nanoparticle assemblies was studied by 
decreasing the pH of mixed polyelectrolyte and NP solutions. 
3.2.5.3 Transmission Electron Microscopy 
Carbon-coated Cu grids were dipped in the polymer/nanoparticle solutions, the bottom 
side was quickly dried on filter paper and the water was allowed to evaporate at room 
temperature. TEM images were obtained using a 80kV JEOL JEM-2000 FX transmission 
electron microscope equipped with a Gatan 792 Bioscan lk x Ik Wide Angle Multiscan 
CCDcamera. 
3.3 Results and Discussion 
A direct synthesis of polyelectrolyte-protected gold nanoparticles was attempted in 
order to test the ability of a weak polyelectrolyte (P AA) and a strong polyelectrolyte 
(PSS) to stabilize gold nanoparticles (Figure 3.1). The preparation of go Id nanoparticles 
stabilized by PAA with Mw up to 3.104 has been reported to yield nanoparticles in the size 
range of 5 to 30 nm, P AA being used as both the reducing agent and stabilizing ligand.4 
Previous attempts to prepare gold nanoparticles stabilized by poly(sulfonates) by KBH4 
reduction of the gold salt in the presence of polyelectrolyte (polymer:gold mass ratio = 
25:1), and by photoreduction, however did not yield stable nanoparticles.2,31 
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The reduction of the gold salt in the presence of polyelectrolyte was carried out at 
various polyelectrolyte:Au molar ratios and at several pH values (Supporting 
Infonnation). The direct synthesis with PAA at the molar ratio PAA residue:Au of 35: 1 
yielded NP with a broad size distribution but also considerable amounts of insoluble 
black powder. The soluble NP exhibit a plasmon band at 546 nm (Supporting 
Infonnation). Reaction with a lesser P AA residue:Au molar ratio of 7: 1 failed to yield 
NP. AlI attempts with PSS as a stabilizer failed, yielding non-soluble chunks of material. 
Based on these results, it seems that these polyelectrolytes either do not adsorb onto bare 
gold NP or, in the case of PAA, do so very weakly. Even if it were successful, the 
preparation of polyelectrolyte-coated gold nanoparticles via direct synthesis requires a 
very large excess ofpolyelectrolyte.32•33 
~ 
COO' 
PAA PSS PYS 
Figure 3.1 Structures of the polyelectrolytes used (counterions not 
shown). 
The interaction between DMAP-Au NP and the weak polyelectrolyte PAA or the 
strong polyelectrolyte PSS was thus investigated over a range of pH. Changes in the 
nanoparticle opticai absorbance were used to monitor interactions. The charge (and 
confonnation) of weak polyelectrolytes is very pH -dependent in the range studied (pH 1-
12) whereas the charge of strong polyelectrolytes is pH-independent in the same range. 
Gold nanoparticles exhibit a strong absorption band in the visible range (at around 520 
nm in water) caused by the resonant excitation of the surface plasmons.34 The absorption 
spectrum ofmetai nanoparticles is dependent on the size and shape of the nanoparticles as 
weIl as the dielectric property of the surrounding medium.35•36 It aiso depends on the 
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proximity of the particles to one another, the presence of adsorbates, the surface 
composition, and the effective dielectric constant. The plasmon band is shifted by a few 
tens of nanometers upon NP aggregation. I3 The term aggregation is used to describe both 
clusters of small NP close to each other and NP with a larger core size resulting from the 
merging of small NP, since it is not possible to distinguish between each type of 
aggregate. When the interparticle distance is smaller than the NP diameter, additional 
spectral features arise at À. > 600 nm.37 On the other hand, adsorption of polyelectrolyte 
onto NP causes only a small red-shift of the plasmon band (0.5 to 10 nm, at 
polyelectrolyte saturation).l3 This small change of the absorption spectrum results from 
the alteration of the interparticle interactions and of the nanoparticle local dielectric 
constant upon polyelectrolyte adsorption. Conformational changes of the adsorbed 
polyelectrolyte, induced by the variation of pH for example, likely modify the 
interparticle distances. Changes in the absorption spectra of DMAP-Au NP suspensions 
can therefore be used as a probe of the particle/particle and/or polyelectrolyte/particle 
interactions. 
As reported in Chapter 2, DMAP-Au NP, with an average diameter of 6.2 ± 0.9 nm, 
exhibit a plasmon absorption band at 519 nm in water.38 DMAP is an excellent ligand as 
an accessible resonance form involves the development of a full negative charge on the 
pyridine nitrogen.29,38 DMAP molecules are adsorbed onto the gold surface via the 
pyridine nitrogen lone pair (Scheme 3.1). 
Scheme 3.1 Adsorption of DMAP onto the nanoparticle surface. The 
resonance form involving significant electron donation to the gold Oeft 
hand side form) is likely dominant. 
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The study of the stability ofDMAP-Au NP as a function ofpH, by monitoring changes 
in the optical properties, was described in Chapter 2.38 Briefly, the NP are found to be 
completely soluble in water and stable between pH 5.0 and 10.5. Aggregation occurs at 
pH < 4.4. The large absorbance at À, > 600 nm indicates that the NP are in very close 
contact at pH 3.7-4.1. At pH 3.3, coalescence of the gold cores has occurred and no peak 
in the visible spectrum can be detected. The aggregation appears to be irreversible, given 
that the spectrum does not return to its prior form when the pH is returned to 10. The NP 
aggregation was explained by the loss of the DMAP ligand caused by the protonation of 
the pyridine nitrogen in the NP-associated DMAP molecules. Excess (free) DMAP (3-
fold) was found to be necessary for the NP to remain stable. 
In this Chapter, the stability of an aqueous solution of DMAP-Au NP in the presence 
of P AA (molar ratio P AA residue:Au = 0.7: 1) was studied as a function of decreasing pH 
from 10.0 to 1.5 by recording the absorption spectra (Figure 3.2 and Table 3.1). The NP 
suspension is stable as the pH is decreased to 4.6. When the pH is further decreased to 
3.6, the spectrum is slightly broader and a small increase of absorbance at À, > 600 nm can 
be detected. At 2.2 < pH < 2.7, the spectra are broad with red-shifted À,max and a 
significant absorbance arises at À, > 600 nm. Such peak broadening is observed when 
several populations of NP of different size coexist and the increased absorbance at À, > 
600 nm is caused by close aggregation of gold cores. At pH 1.7, the spectrum is even 
broader and the absorbance at À, > 600 nm is larger. At pH 1.5, the plasmon band 
characteristic of stable, individual NP has completely disappeared. 
DMAP-Au NP exposed to P AA over a range of pH values were also assessed by TEM 
(Figure 3.3). In the pH 4 to 10 range, the sample is composed of small spherical 
nanoparticles (d = 6.0 ± 1.6 nm), individual or associated in short arrays or small clusters 
(Figure 3.3, a). At pH values of 1.7 to 2.7, spherical nanoparticles and aggregates are 
observed (Figure 3.3, b). The nanoparticles form two populations: small nanoparticles, 
which have more or less retained the initial size (d = 7.4 ± 2.0 nm), and larger 
nanoparticIes (d = 11.0 ± 2.9 nm). Large non-spherical aggregates are also observed. 
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Figure 3~2 UV-vis absorption spectra ofaqueous dispersions ofDMAP-
Au nanopartic1es containing PAA at decreasing pH (from top to bottom 
curve): 9.9 (initial pH), 4.6, 3.6, 2.7, 2.2 and 1.7. 
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Figure 3.3 TEM images of DMAP-Au nanoparticles with P AA 
deposited from (a) high pH (9.9) and (b) low pH (1.7). The scale bar 
represents 100 nm on both images. 
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Similarly, the absorption spectra of an aqueous solution of PSS and DMAP-Au NP 
(molar ratio PSS residue:Au = 0.9:1) were recorded as a function of decreasing pH from 
10.2 to 1.4 (Figure 3.4 and Table 3.1). The NP suspension remains stable until the pH is 
decreased to 4.6. At this pH value, the peak is significantly broader and the absorbance at 
Â. > 600 nm increases. At 3.5 < pH < 3.9, the absorption peaks are very broad, with large 
absorbance at Â. > 600 nm. These features correspond to an increase in size dispersity and 
aggregation of the nanoparticles. At 1.8 < pH < 2.5 the absorption peaks appear sharper 
as the absorbance at Â. > 600 nm greatly decreases and the maximum is blue-shifted 
compared to its position at initial pH. Such changes are observed when the size of the NP 
decreases and the size distribution is narrowed. The characteristic surface plasmon 
absorption peak has disappeared at pH 1.4. 
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Figure 3.4 UV-vis absorption spectra ofaqueous dispersions ofDMAP-
Au nanoparticles containing PSS at decreasing pH (from top to bottom 
curve): 10.2 (initial pH), 4.6,3.9,2.5,2.3,2.0, 1.8 and 1.4. 
The stability ofDMAP-Au NP in the presence ofPSS, as a function of decreasing pH, 
was also assessed by TEM (Figure 3.5). In the 4.6 to 10.2 pH range, the sample is 
primarily made up of small spherical nanoparticles (d = 6.5 ± 1.2 nm) with a few larger 
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ones (d = 10.7 ± 2.3 nm) (Figure 3.5, a). Individual particles arise mainly at the edge of 
the NP islands while most other nanoparticles seem "connected" to their neighbours. At 
intermediate pH values, aggregates of random size and shape can be observed together 
with pairs of spherical nanoparticles (Figure 3.5, b).39 At low pH values (1.8-2.5), many 
well-spaced individual nanoparticles with sizes ranging from 4.0 nm to 10.4 nm can be 
found adjacent to a few aggregates (Figure 3.5, c). 
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Figure 3.5 TEM images of DMAP-Au nanoparticles with PSS at (a) 
high pH(10.2), (b) intermediate pH (3.5), and (c) low pH (2.0). The 
seale bar represents 100 nm on ail images. 
At the initial pH value of 10, the absorption spectra of NP suspensions containing 
polyelectrolyte are broader and red-shifted compared to the sample containing no 
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polyelectrolyte. Such changes in the absorption spectrum features could be due to a 
decrease in the interparticle distances resulting from the bridging of the NP by the long 
polyelectrolyte chains or to a change of the dielectric environment of the nanoparticles. 
To assess if the red-shift was due to bridging of the NP by the polyelectrolyte, the 
absorption spectra of NP suspensions with a molar ratio of bound DMAP:polyelectrolyte 
residue ranging from 1 :0.1 to 1: 100 were recorded (Supporting Information). While a 
small red-shift is obtained for the bound DMAP:residue ratio of 1 :0.1, it is greatest (10-15 
nm) at a DMAP:residue ratio of 1: 1 but gradually decreases as the amount of polymer in 
the sample is increased. The plasmon band intensity increases at the 1: 1 ratio but 
decreases as the amount of polyelectrolyte increases. It appears thus that NP are brought 
close to one another via association with the polymer chains when the bound 
DMAP:residue ratio is between 1:1 and 1:10. The "polymer-associated" NP are evidently 
close enough to influence one another as indicated by the significant Â.max red-shift. As the 
bound DMAP:residue ratio increases, the number of NP associated with the same 
polymer chain decreases and the NP environment is closer to that of an individual NP. 
The increased width of the absorption peak probably results from the coexistence of free 
NP and "polymer-assoeiated" NP in the suspension. NP pairs and short arrays are in faet 
observed in the TEM images of the samples at pH > 10 while the NP without 
polyelectrolyte exist as individual particles (Supporting Information). 
Drastic differences in the stability of the nanoparticle suspension at decreasing pH can 
be found when comparing the absorption spectra of samples with and without 
polyelectrolyte (Table 3.1). While DMAP-Au NP flocculate and precipitate at pH 3.3-3.7 
in the absence of polyelectrolyte, absorption spectra characteristic of nanoparticles were 
recorded at ca. pH 2 in the presence of polyelectrolyte. 
The adsorption of a highly charged polyelectrolyte chain onto an oppositely charged 
surface is hindered by the inter-monomer repulsive forces. 18 In the case of the weak 
polyelectrolyte P AA, the monomer-monomer repulsions diminish as partial protonation 
of the carboxylate groups occurs upon decreasing the pH (PKa PAA in solution = 5.0_5.5).16,40 
The extent of the adsorption of P AA onto the DMAP-Au NP is therefore expected to 
increase as the pH of the suspension is decreased. 15,40 While the gold cores have 
coalesced at pH 3.7 in absence of polyelectrolyte,38 the DMAP-Au NP plus PAA are 
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stable at pH 3.6. The absorption spectrum at pH 2.2 is still characteristic of isolated NP. 
The enhanced stability of the NP at low pH values clearly results from the wrapping of 
the PAA chains around the NP, thus preventing the desorption of DMAP from the gold 
surface,41 and/or the aggregation of unprotected gold cores via steric hindrance. At low 
pH values, DMAP molecules desorb from polymer-free areas,38 but the fraction of loops 
and tails in the polyelectrolyte adsorbed layer increases,42 and the bulky polyelectrolytes 
prevent the unprotected gold surfaces on neighbouring particles from coming in close 
contact. Decreasing the pH also increases the flexibility of the P AA chains, due to 
decreased repulsive interactions between monomers. This increased flexibility allows 
sorne polymer-associated NP to come close enough to merge and to form larger NP 
protected by the associated P AA chains. A TEM image of the sample at pH 1.7 shows 
that two populations of NP coexist: NP that have retained the original size and NP that 
have merged (Figure 3.3, b). The presence ofsmall NP indicates that the long PAA chains 
(between 475 nm (fully stretched) and 10.9 nm (random coil» are able to stabilize the 6 
nm DMAP-Au NP. The aggregates observed at low pH could result from the merging of 
DMAP-Au NP that did not interact with P AA chains or from nanoparticles that 
dissociated from the P AA chains, as a large fraction of the carboxylic groups become 
protonated. The apparent pKa of adsorbed P AA is about one unit lower than that of P AA 
in solution.43 At very low pH (1.5), most of the PAA residues are protonated and the PAA 
chains probably dissociate from the NP, leading to the aggregation of the unprotected 
go Id cores. 
In the case of the strong polyelectrolyte PSS, the chains remain highly charged and 
rigid over a wide pH range (3-10) as the pKa of PSS in solution is 1.16 The changes in the 
absorption spectra at 2.5 < pH < 4.6 are as per those in the absence ofpolyelectrolyte and 
result from NP aggregation following DMAP desorption. This suggests that the 
interactions between the DMAP-Au NP and the PSS chains are limited, compared to 
PAA, over this pH range. This is probably due to the chain stiffuess. However, sorne 
aggregated particles remain in solution and give rise to a broad plasmon band centered at 
540 nm. The PSS chains evidently stabilize particle-aggregates and therefore prevent 
DMAP desorption and subsequent coalescence of the gold cores. As the pH is decreased 
below 2.5, the repulsive forces among monomers slightly decrease. The adsorption of the 
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PSS chains onto the nanoparticles increases and leads to the separation of the aggregates. 
The PSS chains (between 85 nm (fully stretched) and 4.6 nm (random coil» are able to 
wrap around comparatively small NP (ca. 6 nm) without inducing their aggregation. The 
adsorbed polymer chains seem to efficiently protect the nanoparticles even at pH 1.8. The 
aggregation at very low pH is probably due to partial desorption of the polymer chain and 
merging of unprotected gold surfaces. 
While the differences in the interaction between the gold NP and the two 
polyelectrolytes tested seem to depend on the pICa of the polyelectrolyte, the difference in 
chain length can also be a factor. In order to estimate the relative importance of pKa and 
Mw, a second strong polyelectrolyte (poly(vinyl sulfonate) (PVS) (sodium salt, Mw = 
5'103) (Figure 3.1» and a lower Mw PAA (same number of repeating units as the PSS 
used) were assessed. Changes in the nanoparticle stability in the presence of short (Mw = 
3'104) and long (Mw = 1.8'105, as per above) PAA occurred at similar pH (ca. pH 2.7). 
The results obtained with PYS parallel those obtained with PSS. The absorption spectra 
are very broad between pH 4.6 and 4.0 and a blue-shift of the plasmon band was observed 
at2.3 < pH < 3.3 (Table 3.1). These results suggest that the polyelectrolyte strength (pKa) 
rather than the Mw is responsible of the differences observed between DMAP-Au NP with 
PAAorPSS. 
Table 3.1 Plasmon band maximum position at initial pH and pH values at which 
important spectral changes occurred for DMAP-Au NP al one and with 
polyelectrolytes. 3-4 Series of measurements for each system, using different 
nanoparticle samples, gave reproducible results. 
Polyelectrolyte (Mw in g1mol) 
Àmax at pH '" 10 
pH ofbeginning of increase of 
abs at À. > 600 nm 
pH ofl..",ax red-shift or peak 
broadening and further increase 
ofabs at À. > 600 nm 
pH ofÂmax blue-shift and 
decrease of abs at À. > 600 nm 
pH of loss of characteristic peak 
shape 
DMAP-Au DMAP-Au DMAP-Au DMAP-Au DMAP-Au 
520nm 
4.4 
3.7-4.1 
red-shift 
3.7 
+ 
PAA(1.8·IO') 
527-531 nm 
3.6-4.0 
2.2-2.7 
red-shift 
1.5 
532-538nm 
4.2-4.6 
2.7-3.9 
broadening 
1.8-2.5 
lA 
531nm 
3.0 
2.2-2.7 
red-shift 
2.0 
531-535nm 
4.7 
3.9-4.6 
broadening 
2.3-3.3 
1.8 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
84 
Polyelectrolyte-Coated Gold Nanoparticles 
While it is clear that the polyelectrolyte chains stabilize the gold nanoparticles at low 
pH, the question arises whether the polyelectrolyte chains are adsorbed onto the DMAP 
layer, bare gold, or both. As previously mentioned, adsorption ofPAA directly onto 2-D 
bare gold surfaces has been reported.28 However, reports regarding the adsorption of 
related arylsulfonates onto bare gold seem contradictory. GarreIl et al. reported that 
benzenesulfonate does not adsorb spontaneously onto a gold electrode unless a positive 
potential is applied.44 On the other hand, Skoluda and Dutkiewicz found that 
benzenesulfonate strongly adsorb onto a gold electrode at open circuit potential 
conditions.45 It was also suggested that DMAP-Au NP assemble with the polyelectrolyte 
multilayers by either ligand exchange reactions or via electrostatic forces.26,46 
The presence or absence of DMAP in the polyelectrolyte-coated NP sampi es was thus 
investigated. The DMAP concentration in a NP suspension was detennined after repeated 
extractions into toluene, conducted in paraIlel on samples containing no polyelectrolyte, 
P AA, or PSS. It is interesting to note that the samples containing no polyelectrolyte are 
unstable upon DMAP extraction (the plasmon band red-shifts and there is a 80% decrease 
of absorbance at Âmax) while the samples containing P AA and PSS are much more stable 
(no red-shift of the plasmon band and only 6% and 25% decrease of absorbance at Âmax, 
respectively). After repeated extractions of DMAP from the DMAP-Au 
NP-polyelectrolyte samples, no DMAP can be further extracted. The remaining DMAP 
in the sample either is adsorbed onto the gold NP or is associated with polyelectrolyte 
chains in solution. Control experiments conducted on samples containing only DMAP 
and polyelectrolyte establish that DMAP does not (or not strongly) associate with the 
polyelectrolyte chains at pH -12. The polyelectrolyte chains thus adsorb onto DMAP 
bound to gold, rather than displace it. 
While Gittins and Caruso found that the sequential addition of oppositely charged 
polyelectrolytes was possible only on NP stabilized with a strongly bound ligands,22 
Schneider and Decher recently demonstrated that a stable polyelectrolyte multilayer can 
be built onto gold NP stabilized with a relatively labile capping ligand. \3 Thus, the 6 nm 
NP stabilized with the labile DMAP are potentiaIly useful templates for the layer-by-layer 
construction of polyelectrolyte multilayers. 
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3.4 Conclusions 
Although DMAP is not covalently associated to the gold NP cores, it remains at the 
gold surface when the DMAP-Au NP are exposed to polyelectrolytes. The adsorption of 
polyelectrolytes onto these small gold NP (~6 nm) does not induce nanoparticle 
aggregation and the polyelectrolyte-coated NP maintain a similar size as the 
polyelectrolyte-free NP. Of significance is the fact that the polyelectrolyte coating 
increases the stability of the nanoparticles at low pH values. 
The use of DMAP-Au NP as a starting material offers the possibility to prepare 
polyelectrolyte-coated nanoparticles using low quantities of polyelectrolyte. These 
polyelectrolyte-coated nanopartic1es have the potential to be the starting point for the 
deposition of polyelectrolyte multilayers. 
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3.7 Supporting Information 
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Figure 83.1 UV-Vis absorption spectra of aqueous dispersion of 
DMAP-Au NP containing (A) P AA or (B) PSS. The molar ratios bound 
DMAP: polyelectrolyte residue from top to bottom curve are indicated 
on the graphs. The gold content in aIl samples is O.125mglmL. 
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Figure 83.2 TEM images of the go Id nanopartieles at initial pH values 
without polyeleetrolyte (A), with P AA (B), and with PSS (C). The seale 
bar represents 100nm on aIl images. 
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Figure S3.3 UV-vis absorption spectrum of aqueous dispersion of 
PAA-Au NP prepared by direct synthesis. 
50nm 
Figure S3.4 TEM image ofPAA-Au NP obtained by direct synthesis. 
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Table S3.1 Experimental conditions for the preparation of polyelectrolyte-coated NP 
by direct synthesis. 
residue: pHbefore ~pH after gold Polyelectrolyte 
molar NaBI4 stirring Results 
ratio addition 24h 
7:1 7 Black chunks - Not soluble when decreased pH 
- 4 Pinklpurple solution + black 
PAANa 35:1 powder 
Mw= 1.8.105 1 4 Black solution~ pink-purple 
after 1 day + precipitate 
9.4:1 9 Chunks 
- Not soluble when decreased pH 
9 Chunks - Not soluble when decreased pH 
1-2 4 Yellow solution + powder 
acetic acid 
PSSNa 3-4 
Mw = 7'104 47:1 - Chunks 
6 Chunks NaOH -
0-1 Chunks 40JLLH2S04 -
1 Chunks + pale yellow solution 20JLLH2S04 -
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Chapter 4 
Surface Plasmon Resonance 
Spectroscopy Study of 
Electrostatically Adsorbed Layers 
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To further understand the interactions between a DMAP monolayer adsorbed on a gold 
surface and oppositely charged polyelectrolytes, surface plasmon resonance spectroscopy 
studies on 2D analogous systems were conducted. The results of these studies are 
reported in this Chapter. The adsorption of P AA and PSS onto DMAP-modified gold 
surfaces and their conformational changes are followed as a function ofpH. 
4.1 Introduction 
Thin films or multilayers of organic molecules, biological molecules, or polymers can 
adsorb onto surfaces via covalent bonding, electrostatic interaction, hydrogen bonding, 
and/or hydrophobie interactions. When the adsorption relies on electrostatic interactions, 
the surfaces are usually chemically modified with a mono layer of molecules bearing 
charged functional groups. Self-assembled monolayers (SAM) of alkylthiols are 
commonly used to modify gold surfaces prior to the adsorption of thin films, due to the 
robustness of the gold-sulfur bond and the variety of functionalized thiols available. l -4 
There are however few reports on the adsorption of thin films onto a noncovalently bound 
SAM or onto an unmodified gold surface. One example involves poly(acrylic acid) 
binding to unmodified gold.5 
In Chapter 3, PAA and PSS were reported to enhance the stability of small gold 
nanoparticles (d "'" 6 nm) at low pH.6 The nanoparticIes (NP) were water-soluble, 
positively charged, and capped with the noncovalently bound ligand 4-
(dimethylamino)pyridine. The enhanced stability of the DMAP-Au NP was attributed to 
both steric and electrostatic stabilization of the NP, via wrapping of the polyelectrolyte 
chains around the NP. The interactions between the polyelectrolyte chains and the NP 
were probed by monitoring changes in the optical properties of the NP. In this Chapter, 
the analogous 2D systems were investigated by surface plasmon resonance (SPR) 
spectroscopy. SPR spectroscopy is very specific to the interface region and can probe the 
adsorption of molecules at the interface. It is often used to detect biomolecules, study the 
kinetics of reactions, or follow layer-by-layer growth of multilayer assemblies.2,1-10 
Although this technique gives information about the thickness of the adsorbed layer, few 
studies concemed with the conformational changes of macromolecules at the interface 
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have been reported. For example, the behaviour of poly(acrylic acid) immobilized onto a 
gold surface has been investigated using SPR spectroscopy (as a function ofpH).5 
The SPR experiments described here were performed to further understand the nature 
of the interactions of anionic polyelectrolyte chains with a SAM composed of the 
noncovalently bound cationic DMAP. The specifie goals were to: i) monitor the 
adsorption of the polyelectrolyte chains onto the surface as a function of pH, ii) study the 
conformational changes of the adsorbed chains as a function of pH, iii) detect the 
eventual desorption of the chains as they become neutral, and iv) determine if the 
polyelectrolyte chains adsorb onto the DMAP mono layer or displace it in order to adsorb 
directly on the gold surface. The results are compared to those obtained with the 
polyelectrolyte/nanoparticle systems, reported in Chapter 3.6 
4.2 Experimental Section 
4.2.1 Materials 
4-(Dimethylamino)pyridine (99%), poly(styrene sulfonate) (PSS) (sodium salt, Mw = 
7,104), and 2-(dimethylamino)ethanethiol, hydrochloride (98%) were received from 
Aldrich. Poly(acrylate) (PAA) (sodium salt, Mw = 1.8'105) was obtained from Prof. A. 
Eisenberg. Phosphoric acid and sodium hydroxide were purchased from Fisher Scientific. 
AlI compounds were used as received without further purification. The water used in ail 
experiments was Millipore-purified water with a resistivity of 18 Mn. 
4.2.2 DMAP, 2-(Dimethylamino)ethanethiol, and Polyelectrolyte Solutions 
10 mM DMAP or 2-(dimethylamino)ethanethiol aqueous solutions were prepared and 
used to form a mono layer at the gold surface. 10 mM aqueous polyelectrolyte (residue 
concentration) solutions were prepared and their pH was adjusted to various values (1 < 
pH < 10) by addition of sodium hydroxide or phosphoric acid. Solutions containing both 
10 mM DMAP and 10 mM polyelectrolyte were also prepared and adjusted to desired pH 
values. These solutions were used for the adsorption of polyelectrolyte on the first 
adsorbed layer or directly on the gold, and in the study of the effect of pH on the 
assembly. Aqueous phosphoric acid solutions of various pH were prepared and used to 
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study the effeet ofpH on the 2-(dimethylamino)ethanethiol monolayer and on unmodified 
gold. 10 mM aqueous DMAP solutions with pH adjusted to the desired values were used 
to study the effect of pH on the DMAP monolayer. In order to keep the experimental 
conditions as similar as possible to those with gold NP, no buffer solutions were used. 
Phosphoric acid was used to decrease the pH of the solutions, instead of aeetic acid, 
because smaller amounts are required to achieve the same pH change and therefore the 
refractive index of a solution is affected to a lesser extent. 
4.2.3 SPR Instrument 
A computer-controlled scanning angle apparatus was used to perform the SPR 
measurements (Resonant Probe Microscopy GmbH, Goslar, Germany). A Kretschmann 
configuration (see Appendix) is used in the set-up schematically presented in Figure 4.1. 
lock-in amplifier 
Figure 4.1 The SPR instrument configuration, with Osample = 45° and 
o detector = 90°. 
The incident light was a linearly polarized HeNe laser (À = 632.8 nm, IDS Uniphase), 
attenuated, and p-polarized with respect to the plane of incidence on the gold surface 
(Glan-Thompson polarizing prism, Halle). The optical signal was modulated to a 
frequency of 1 kHz (optical chopper, Perkin Elmer 197) and correlated to the detection 
through a lock-in amplifier (EG&G PAR 5210). The goniometer was a stepper-motor 
driven 0/28 goniometer with angular resolution of 0.01° (Huber 414a). The light reflected 
at the metal/prism interface was focused on a silicon photodiode detector and the 
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photodiode signal was measured with the lock-in amplifier in phase with the incident 
light source. The goniometer rotation and data acquisition were controlled through an 
IEEE interface board (Keithey KPC-488.2) and software provided by Resonant Probe. 
4.2.4 SPR Flow-cell and Gold Substrate Preparation 
A thin gold layer (thickness -50 nm) was produced on a cleaned LaSFN9 glass slide 
(n632.8nm = 1.845, Hellma Optik) by thermal evaporation, at a rate of approximatively 1.2 
Alsec and under a vacuum of 3'lO-7 Torr. The film thickness was controlled via a quartz 
crystal deposition monitor inside the vacuum chamber. Gold adheres weIl onto LaSFN9 
and no pre-coating with titanium or chromium was required. The slide was index-
matched to a right-angle LaSFN9 glass prism (Hellma Optik), using a Cargille Series B 
matching liquid (l-iodonaphtalene, n = 1.700, SPI). A Teflon flow-cell (volume -1 mL) 
was pressed against a c1ean microscope slide. The prism/gold slide assembly was then 
pressed on top of the celI, allowing the gold film to be exposed to the filling solution, as 
shown in Figure 4.2. A tight sealing was ensured by Kalrez O-rings. The goniometer 
position at which the back-retlected beam overlapped with the incident beam was used to 
define the angle of incidence of 45°. The full assembly was mounted on the stage of the 
goniometer, with the center of the gold slide on the axis of rotation. 
a) 
LaSFN9prism 
indexmalch 
_~~~~~~~~~_ LaSFN9 slide 
O-rlngs avaporatec:J 
mic;rœcope 
glass slida 
OUT 
thin gold film 
Tellon cell 
IN 
b) 
Figure 4.2 a) Experimental configuration used to excite the plasmons in 
a thin gold film. b) Longitudinal cut of the flow cell, in the plane of the 
in and out holes. 
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4.2.5 ln-situ SPR Measurements 
The solutions were manually injected in the cell. The formation of the first monolayer 
as well as the adsorption and conformational changes of the polyelectrolyte chains were 
monitored using the kinetic and the angular reflectivity modes. The kinetic adsorption 
data were obtained by tracking the SPR angle (incident angle of minimum reflectivity) 
over time, after injection of each solution. Once a plateau was reached (steady SPR 
angle), an angular reflectivity curve (SPR curve) was acquired by measuring the 
reflectivity as a function of the angle of incidence of the laser beam. AlI experiments were 
perfonned at room temperature. An example of SPR curves is included in the Supporting 
Infonnation. 
4.2.6 Thickness Calculations 
The quantitative treatment of the SPR curves, based on the Fresnel theory for a 
multilayer system, was perfonned using the Fresnel Modeling software provided by 
Resonant Probes (Mainz, Gennany). The theoretical curves were computer-generated and 
manually fitted to the SPR curves acquired at various steps of the experiments. 
Before any adsorption, the SPR cell is filled with MilliQ water. The system consists of 
3 layers: the LaSFN9 prism, the gold layer, and the MilliQ water above the metal. The 
prism has a refractive index, E, of3.404, which is kept constant through the experiment. 
The refractive index of the MilliQ water was fitted and was 1.7735 ± 0.0015 The 
thickness of the gold layer (around 50 nm) and its complex refractive index (typically 
E' = -12.9, En = 1.2) were determined via fitting and kept constant for the fitting of aIl the 
following SPR curves acquired on the same gold slide without disassembling the cell. 
After adsorbing DMAP, 2-(dimethylamino)ethanethiol, or polyelectrolyte onto the 
unmodified gold substrate, the system consists of 4layers: the LaSFN9 prism (E = 3.404 -
kept constant), the gold (parameters from initial fitting with MilliQ water - kept constant), 
the DMAP, thiol, or polyelectrolyte layer (E = 2.25 - kept constant),I,S and the solution 
above the adsorbed layer (E between 1.7720 and 1.7790). The exact refractive index of 
the solution above the adsorbed layer was determined by fitting the SPR curve around the 
critical angle. II The fitting of the SPR curve around the SPR angle yield the thickness of 
the adsorbed layer. 
98 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
SPR Study of Electrostatically Adsorbed Layers 
After adsorbing polyelectrolyte onto the OMAP or 2-(dimethylamino)ethanethiol 
layer, the system was still considered as made of 4 layers: LaSFN9 prism, gold layer, 
polyelectrolyte and OMAP or polyelectrolyte and thiol layer, and the solution above the 
adsorbed layer. OMAP, 2-(dimethylamino)ethanethiol, and the polyelectrolytes are 
assumed to have the same refractive index (c = 2.25) and the polyelectrolyte and OMAP 
or polyelectrolyte and thiol layers are treated as one homogeneous layer. The refractive 
index of the solution above the adsorbed layer and the thickness of the adsorbed layer 
(polyelectrolyte and DMAP or polyelectrolyte and thiol) were determined from the 
fittings. 
The determined thicknesses are an average of the thickness of the adsorbed layers and 
sorne defects, i.e. uncoated substrate areas. The value of the refractive index of the 
polyelectrolyte was assumed constant. However, it is affected by conformational changes 
of the polyelectrolyte. As the polyelectrolyte chains swell, the content of water near the 
interface increases and the polyelectrolyte layer is less optically dense. 12 Since the 
smallest angular step taken by the SPR instrument is 0.01 0, the theoretical precision of the 
thickness is 0.15 nm. Error in fitting of the SPR curves should also be considered. A SPR 
curve reasonably fitted around OSPR gives an error in thickness smaller than 0.02 nm. The 
SPR curves are fitted around the critical angle Oc with a precision of 0.0005°, which 
corresponds to an error in thickness of 0.1 nm. 
4.3 Results and Discussion 
4.3.1 Systems under Investigation 
The adsorption of P AA or PSS chains onto a DMAP mono layer assembled on a 20 
gold surface and their conformational changes were studied in situ as a function of 
decreasing pH. The structures of the polyelectrolytes and bound DMAP are shown in 
Scheme 4.1. 
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Scheme 4.1 Structure of gold-bound OMAP (resonance forms), 
protonated 2-( dimethylamino )ethanethiol, P AA, and PSS (counterions 
notshown). 
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To decrease the pH value in the SPR flow-cell, solutions of decreasing pH values were 
successively injected. Thus, unbound polyelectrolyte will be rernoved frorn the cell. To be 
able to identify the pH value at which the polyelectrolyte chains adsorb onto the surface, 
aIl injected solutions contained 10 mM polyelectrolyte to ensure the presence of 
polyelectrolyte in the ceIl at aU pH values. With this procedure, both conformational 
changes and additional adsorption can contribute to the changes in thickness. The OMAP 
monolayer is weakly bound to the gold surface and adsorbed OMAP is in equilibriurn 
with free OMAP in the solution. 13.14 Removal of free OMAP from the cell by injection of 
a OMAP-free solution could trigger OMAP desorption to sorne extent, depending on the 
relative kinetics of polyelectrolyte adsorption and OMAP desorption. Therefore, 
polyelectrolyte solutions containing a constant concentration of DMAP were used to 
estirnate the influence of the adsorbedlfree OMAP equilibriurn on the changes of 
thickness. 
It was shown in Chapter 2 that the decrease of the pH value of the solution triggers the 
desorption of OMAP frorn the nanoparticle surface, via protonation of the pyridine 
nitrogen. 13 The effect of pH on a 20-0MAP SAM was studied by SPR. White adsorbed 
polyelectrolyte chains are expected to stabilize OMAP rnolecules at the gold surface, pH-
induced desorption of non-polyelectrolyte-coated OMAP could also contribute to the 
thickness changes observed at low pH. Thus, the adsorption of the polyelectrolyte onto a 
positively charged covalently bound organic film and the conformational changes as a 
function ofpH were also rnonitored. A SAM of2-(dirnethylarnino)ethanethioi (pKa solution 
= 8.1 IS and pKa surface = 5.0 16) was formed at the surface of the gold substrate (Scherne 
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4.1). Such a mono layer is expected to be positively charged at pH below 6. A 2-
(dimethylamino )ethanethiol mono layer was exposed to solutions of decreasing pH values 
to determine if its thickness is affected by pH changes. 
Because the noncovalently bound DMAP mono layer could be partially removed due to 
the dynamic equilibrium mentioned above or due to the decrease of pH in the flow-celI, it 
was important to study if the polyelectrolyte chains could adsorb onto an unmodified gold 
surface. The adsorption of the polyelectrolytes onto unmodified gold and their 
conformational changes were followed as a function of pH. The effect of pH on 
unmodified gold was also studied. 
For each system, SPR curves were acquired after injecting polyelectrolyte solution at 
successively decreasing pH values. The total thickness of the adsorbed layer, i.e. 
polyelectrolyte plus OMAP, polyelectrolyte plus 2-(dimethylamino)ethanethiol, or only 
polyelectrolyte in the case of unmodified gold, was determined using the fitting procedure 
described above. Thickness vs. pH plots provide a comparison of the different systems. 
General trends and variations in thickness over a given pH range are compared, rather 
than absolute thickness values. This is necessary because repetitive experiments yield 
thickness vs. pH plots that are paraUel but shifted in thickness. This shift likely arises 
from differences in roughness of the different gold substrates and day-to-day variation in 
temperature. Explicit assignment of the origin of this shift requires considerable 
investigation. However, for a given experiment, aIl data are collected on the same area of 
the slide and this shift does not affect the trend of the thickness vs. pH plot. 
4.3.2 Differences between 20- and 3D-Systems 
Although the results obtained from the SPR experiments will be compared to the 
stability vs. pH studies of OMAP-Au NP in the presence of P AA or PSS, a few 
differences between 2D- and 3D-systems should be mentioned. The ease of adsorption of 
polyelectrolyte chains onto the DMAP layer adsorbed on a pl anar surface or small NP 
probably differs. The curvature of the NP is a potentia1limiting factor in the adsorption of 
polyelectrolyte, especially at high pH where the ionized polyelectrolyte chains are less 
flexible. The change of conformation of the polyelectrolyte chains as a function of pH 
could occur at slightly shifted pH for planar and spherical surfaces, possibly due to the 
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different extents of interactions with the surfaces. Because DMAP is noncovalently bound 
to the gold surface, the properties of the DMAP layer might also differ whether it is 
adsorbed on a flat surface or a sphere. Alkylamines were in fact found to be kinetically 
less stable on a planar surface than on NP. 17 For the 2D-systems, SPR spectroscopy offers 
a direct measurement of the conformational changes. In the 3D-systems, the 
conformational changes were deduced from changes in the absorption spectra of the NP. 
4.3.3 Effect of pH on DMAP-Modified, 2-(Dimethylamino)ethanethiol-
Modified, and Unmodified Gold Surfaces 
DMAP-modified, 2-( dimethylamino )ethanethiol-modified, and unmodified gold 
surfaces were exposed to aqueous phosphoric acid solutions of decreasing pH. Because 
DMAP is noncovalently bound to the gold surface, acidic solutions containing 10 mM 
DMAP were used for the study of the DMAP-modified surface. The effect of pH on the 
thickness of a DMAP-modified, a 2-( dimethylamino )ethanethiol-modified, and an 
unmodified gold surface are compared in Figure 4.3. 
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Figure 4.3 Thickness vs. pH for the effect of pH on a DMAP-modified 
(.), a 2-(dimethylamino)ethanethiol-modified gold (.), and an 
unmodified gold surface (.). The surfaces were exposed to aqueous 
phosphoric solutions of decreasing pH. In the case of the DMAP-
modified surface, the acid solutions contained 10 mM DMAP. The 
dotted Hnes connecting the data points were added to aid the eye. 
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The thickness of the DMAP SAM decreases by ca. 0.5 nm when the pH value of the 
solution in the flow-cell is below 6.5. This decrease results from the desorption of sorne 
DMAP molecules and parallels the effects seen in the nanoparticle system. As shown in 
Chapter 2, DMAP binds onto gold via the lone pair of the endocyclic nitrogen and gold-
associated DMAP is in equilibrium with free unprotonated DMAP in solution. The partial 
DMAP desorption upon decrease of pH is due to either the protonation of the binding site 
of gold-associated DMAP molecules and/or to the equilibrium being pushed towards 
DMAP desorption as the concentration ofunprotonated DMAP decreases. 
The thickness of the 2-( dimethylamino )ethanethiol SAM remains constant over the 8 
to 2 pH range. This indicates that the thiol molecules are not removed when thiol-free 
solutions with low pH values are injected in the cclI. In addition, the protonation of the 
dimethylamino substituent does not significantly affect the thickness of the adsorbed 
SAM. 
In the case of unmodified gold, the thickness refers to molecules that could adsorb 
from the aqueous phosphoric solutions onto the gold surface. A small increase of 
thickness (0.25 nm) is observed when the gold surface is exposed to aqueous solutions 
with pH values below 6. 
4.3.4 PAA Adsorption 
The changes in thickness observed upon adsorption of P AA chains onto DMAP-
modified, 2-(dimethylamino)ethanethiol-modified, and unmodified go Id surfaces are 
compared in Figure 4.4. P AA adsorbs onto aIl three surfaces at high pH and the thickness 
increases as the pH decreases. The thickness increase vs. pH is nearly linear when a 
DMAP-modified surface is exposed to P AA solutions over the 1 to 7 pH range. In the 
case of the 2-( dimethylamino )ethanethiol layer, the thickness increases more extensively 
below pH 4, while in the case of the unmodified gold surface, it remains almost 
unchanged at pH values below 4. 
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Figure 4.4 Thickness vs. pH for the adsorption of P AA on a DMAP-
modified (.), a 2-(dimethylamino)ethanethiol-modified (.), and an 
unmodified gold surface (.). The surfaces were exposed to 10 mM 
P AA solutions of decreasing pH values. A DMAP-modified surface was 
also exposed to P AA solutions of decreasing pH values containing 10 
mM DMAP (6). The * indicates the thickness of the adsorbed layer 
before injection of P AA solutions. The dotted lines connecting the data 
points were added to aid the eye. 
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The increase of thickness observed at low pH with positively charged surfaces most 
likely results from the coiling of the P AA chains. P AA is a weak polyelectrolyte {pKa in 
solution = 5.0-5.5, PKa surface = 4.0)18.19 and most carboxylate groups (Le. > 50%) become 
protonated as the pH is decreased below 4. Once the inter-monomer repulsions are 
decreased, the chains can coil, which results in an increase of thickness. The adsorption of 
a weak polyelectrolyte onto an oppositely charged surface is in fact expected to be 
maximal at a pH value one unit lower than the pKa of the polyelectrolyte.2o Therefore, 
both confonnational changes and additional P AA adsorption might contribute to the 
increase ofthickness at low pH. The change ofthickness over the 1.6 to 4 pH range is 1.4 
nm for the 2-( dimethylamino )ethanethiol layer and only 0.9 nm for the DMAP layer. In 
the later case, the increase of thickness caused by the coiling of the P AA chains could be 
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reduced by the desorption ofPAA chains and/or DMAP molecules. As mentioned earlier, 
DMAP molecules without polyelectrolyte coating desorb at low pH (Figure 4.3). 
In the case of the adsorption of P AA on an unmodified gold surface, the thickness 
remained constant at pH values below 4. As the fraction of protonated monomers 
increases, the number of adsorption points to the surface decreases and probably becomes 
too small to maintain P AA at the surface. P AA chains can desorb from the unmodified 
gold surface because they are less strongly adsorbed onto unmodified gold than onto a 
cationic surface due to weaker electrostatic interactions. 
As mentioned above, the injection of DMAP-free solution in the cell might trigger 
desorption of sorne DMAP molecules, as a small decrease of thickness was observed 
between pH 10 and 7. However, a small decrease of thickness was also noted when 
solutions containing both P AA and DMAP were injected in the cell, even though the 
amount of non-protonated DMAP in the cell was larger than the amount required to form 
a full mono layer at the exposed gold surface.21 This suggests that the small decrease of 
thickness between pH 10 and 7 is not due to the loss ofadsorbed DMAP. 
These results are in good agreement with the study of DMAP-Au NP plus PAA 
presented in Chapter 3.6 At high pH values (7-10), the NP solution exhibits a red-shifted 
plasmon band maximum after addition of P AA. This red-shift was attributed to the 
bridging of NP by polymer chains. The adsorption of P AA onto the DMAP-modified 
surface at high pH values was verified in the SPR experiments. While DMAP-Au NP 
aggregate as the pH of the solution is decreased below 4, the NP are stable until pH 2.7 in 
the presence of PAA.6 This increased stability arises from the wrapping of the PAA 
chains around the NP, which thus prevents the pH-induced desorption of the DMAP 
ligand. A large increase of thickness was measured from pH 7 to lower pH values in the 
SPR experiments. The aggregation of the NP at pH below 2.7 arises from the desorption 
of sorne P AA chains, followed by the desorption of the DMAP, and close contact of bare 
gold surfaces. In the SPR experiments, the linear increase of thickness vs. pH, instead of 
the larger effect expected at low pH, suggests that partial desorption of P AA and/or 
DMAP has occurred. 
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4.3.6 PSS Adsorption 
Again, when comparing the results obtained when exposing a DMAP-modified, a 2-
(dimethylamino)ethanethiol-modified, or an unmodified gold surface to a solution ofpure 
PSS, a clear trend appears (Figure 4.5). PSS adsorbs onto the surfaces at high pH and the 
thickness increases as the pH decreases, with a more pronounced effect at pH below 3-4. 
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Figure 4.5 Thickness vs. pH for the adsorption of PSS on a DMAP-
modified ( ... ), a 2-( dimethylamino )ethanethiol-modified (.), and an 
unmodified gold surface (.). The surfaces were exposed to 10 mM PSS 
solutions of decreasing pH values. A DMAP-modified surface was also 
exposed to PSS solutions of decreasing pH values containing 10 mM 
DMAP (À). The * indicates the thickness of the adsorbed layer before 
injection of PSS solutions. The dotted lines connecting the data points 
were added to aid the eye. 
12 
PSS is a strong polyelectrolyte and is expected to be fully ionized over the 3-4 to 10 
pH range (PKa = 1 in solution).18 Stretched PSS chains adsorb onto the surface, which 
yields small thickness changes over this pH range. The larger increase of thickness 
observed in the 1 to 3-4 pH range could be due to both the adsorption of more 
polyelectrolyte chains at the surface and conformational changes. The ionic strength of 
the polyelectrolyte solutions increases as the acid content increases and this probably also 
favors the adsorption of more PSS by screening the repulsive forces between residues. As 
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the pH decreases, the fraction of protonated sulfonate groups increases. The resulting 
decrease in repulsion between residues facilitates the adsorption of more polyelectrolyte 
at the surface and induces conformational changes (coiling). The constant increase of 
thickness until pH = 1 indicates that the PSS chains remain at the surface even at these 
low pH values. 
In the case of the adsorption of PSS onto a DMAP layer, the thickness remains 
constant between pH 6 and 10. To test if the constant thickness is due to the limited 
adsorption of PSS over this pH range or the DMAP desorption due to the adsorbedlfree 
equilibrium, the adsorption of PSS from a PSS solution containing DMAP was also 
studied. Again, the adsorbed film thickness remains constant between pH 6 and 10 while 
the concentration of non-protonated DMAP in the ceU is sufficient to form a full 
monolayer at the gold surface.21 This suggests that the constant thickness is due to the 
limited adsorption of fully ionized PSS onto the oppositely charged surface rather than to 
the loss of DMAP over this pH range. The almost constant thickness between pH 3 and 6 
is probably due to the 10ss of sorne DMAP upon protonation of the pyridine nitrogen, 
which is compensated by the adsorption of sorne PSS chains. The DMAP molecules 
present in solution, in the control experiment (pSS + DMAP), are aIl in the protonated 
form over this pH range and are unavailable for binding. 
The thickness increases by 1.25 and 1.45 nm for PSS on DMAP and on 2-
(dimethylamino )ethanethiol respectively over the 1-1.4 to 6 pH range. These similar 
values, given the experimental resolution, suggest that PSS adsorbs onto the DMAP layer, 
in a manner related to that on the 2-(dimethylamino)ethanethiol layer. Displacement of 
DMAP by PSS is therefore not indicated. 
There is a very good correspondence between the data obtained for PSS interacting 
with planar DMAP-Au and DMAP-Au NP.6 The addition of PSS to the NP solution 
causes a red-shift of the plasmon band maximum, which was attributed to bridging of NP 
by polymer chains. The adsorption of fully ionized PSS chains onto the DMAP-Au 
surface was observed by SPR. The NP aggregate in the presence of PSS at pH values 
below 4.7. This is believed to be caused by the contact of the non-protected gold surface, 
subsequent to the desorption ofnon-polyelectrolyte-coated DMAP. The 10ss ofDMAP as 
the pH decreases was also noted in the SPR experiments, as the thickness remains 
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constant until pH 3 in the case of DMAP-modified surface, while it increases on the 2-
(dimethylamino)ethanethiol-modified and unmodified gold surfaces. A blue-shift in the 
maximum of the plasmon band of the NP was observed as the aggregates separate at pH 
values below 2.5. This is attributed to the PSS chains wrapping around the NP at low pH. 
The SPR experiments clearly show that PSS chains adsorb onto the DMAP-modified 
surface at pH values below 3. The stability of some NP at very low pH previously 
suggested that the PSS can remain partially adsorbed onto the NP. The reality of this 
possibility is now confirmed by SPR experiments. 
4.4 Conclusions 
SPR spectroscopy studies confirm that anionic polyelectrolyte chains adsorb cnte a 
DMAP-Au monolayer rather than displace it. In addition, the polyelectrolyte layer 
stabilizes the DMAP 2D-SAM at low pH values, by preventing desorption of DMAP 
molecules from the gold surface. The same stabilizing effect was observed in Chapter 3 
where P AA and PSS were found to enhance the stability of DMAP-Au NP at low pH 
values. The weak polyelectrolyte P AA adsorbs onto a DMAP 2D-SAM at higher pH 
values compared to the strong polyelectrolyte PSS, which correlates weIl with the 
previous results obtained with DMAP-Au NP and the same polyelectrolytes. The PSS 
layer remains adsorbed onto the DMAP 2D-SAM even at very low pH values, which 
explains the exceptional stability ofPSS-DMAP-Au NP at pH values as low as 1.8. 
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adsorption of P AA. The pH value of the aqueous solutions inside the 
flow-cell is indicated in parenthesis. 
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4.8 Appendix: SPR Spectroscopy Princip/es 
Surface plasmon resonance (SPR) spectroscopy is a technique based on the principle 
of evanescent wave optics and is used to characterize interfaces and thin films (Knoll, W. 
Annu. Rev. Phys. Chem. 1998,49,569 and Davies, 1.; Faulkner, 1. In Surface Analytical 
Techniquesfor Probing Biomaterial Processes; Davies, J. Ed.; CRC Press, 1996; p 67). 
Evanescent wave optics refers to optical phenomena associated with the total reflection 
of light at the interface between two media of different optical properties. Total reflection 
occurs when a plane wave reaches the interface from the side of the medium with the 
larger reffactive index and with an angle of incidence Bi larger than the critical angle Sc. 
Ail the energy of the incident beam appears in the reflected beam. 
"Surface plasmons" are electromagnetic waves propagating parallel to the interface 
between a metal and a dielectric medium. Their electric field is normal to the interface 
and their intensity decreases exponentially with the decay length 1 (Figure A4.1). Being p-
polarized, surface plasmons can be excited only by an incident electromagnetic wave with 
a component normal to the interface, i.e. p-polarized light. 
evanescent 
field 
~ detector 
Figure A4.1 Total internaI reflection of the incident light at the base of 
a prism, with a dielectric constant es, in contact with a dielectric 
medium, with a dielectric constant e2, with es> e2. 
An incident electromagnetic wave can couple and thus excite the surface plasmons 
only if its angular ffequency and momentum match that of the surface plasmons. 
However, the momentum of a free photon propagating in a dielectric medium is always 
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smaller than the momentum of a surface plasmon propagating at the interface of the same 
medium and a meta!. There is thus no angle of incidence for which the horizontal 
component of the incident photon wave matches the surface plasmon. This problem can 
be overcome by using an "attenuated total reflection" configuration. In such a 
configuration, the photons are not coupled directly to the metalldielectric interface, but 
via the evanescent tail of light totally internally reflected at the base of a high index 
prism. The light has a larger momentum and, at a given angle of incidence, coupling with 
the surface plasmon can OCCUT. 
The configuration used in this work is the Kretschmann configuration (Figure A4.2), 
where a thin metal film, 45 to 50 nm, is brought close enough to the base of the prism to 
allow the overlap of the electric field of the evanescent wave with that of the surface 
plasmon. The evanescent wave created at the prismlmetal interface decays in the metal 
thin film and excites the plasmons at the metalldielectric medium interface. 
Figure A4.2 Attenuated total internaI reflection in the Kretschmann 
configuration. 
The wavevector of the incident light matches the wavevector of the surface plasmons 
at the metalldielectric interface for one particular angle of incidence ()spr, called the SPR 
angle or the coupling angle. The photon energy, adsorbed by the electrons from the metal 
film, is dissipated, which results in a sharp decrease in reflectance. 
The SPR angle is extremely sensitive to the thickness and dielectric constant of the 
material adjacent to the metal surface. The momentum of the surface plasmons increases 
when the dielectric constant E2 of the medium increases, upon adsorption of molecules 
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onto the surface. The SPR angle will change too and this is the basis of the technique. A 
change in n2 (n2 = E2112) of 0.001 results in a change in 8spr of 0.1 0. 
The extent of energy dissipation (damping) in the metal is correlated with the 
imaginary part of the dielectric function of the metal (E"). The drop in reflectance is very 
sharp when E" is small. Silver is the metal with the smallest E", followed by gold, and 
both metals give resonance curves of small width, which allow an accurate detection of 
the variation in refractive index. The resonance at a gold/air interface is ~e - 2-3 deg at ~ 
= 633 nm. The width of the SPR curve also depends on the thickness, uniformity, and 
roughness of the metal film. 
Since the electric field of the surface plasmons decays exponentially away from the 
surface, SPR spectroscopy is very specifie to the interface and near-interface regions. The 
penetration depth of the Iight into the dielectric medium is only a few hundred 
nanometers at ~ = 633 nm. The adsorption of any mole cule with an index of refraction 
different from the bulk medium can thus be detected. This technique offers the possibility 
to monitor chemicai and physical processes at metai surfaces in situ and in real-time. 
Therefore, kinetics of adsorption and desorption, or affinity constants can be determined 
using SPR. If the refractive index of the adsorbing moiecules is known, the geometricai 
thickness can be determined, and vice versa. Multi-step adsorption can also be 
sequentially monitored. 
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As reported in Chapter 2, DMAP-Au nanoparticles possess sorne unique 
characteristics that give them the potential to be useful precursors to other nanoparticles. 
To this end, the possibility of performing ligand exchange reactions starting from DMAP-
Au nanoparticles is explored in this Chapter. Water- and organic-soluble nanoparticles in 
the 5 nm size range are targeted. 
5. 1 Introduction 
Functionalized gold nanoparticles (NP) have generated considerable interest over the 
past decade, due to their potential applications in catalysis,I,2 sensors,3,4 molecular 
markers, biolabeling,5 and drug delivery.6 These potential applications require tailor-made 
nanopartic1es with specifie size, narrow size dispersity, and known composition of the 
capping ligand layer. The direct synthesis of thiol-capped gold NP is widely used and 
provides access to a large variety of functionalized NP. For example, the Brust-Schiffrin 
two-phase procedure is very efficient for the preparation of sma11 NP (1-6 nm) soluble in 
organic solvents.7 NP can also be prepared by one-phase synthesis, in a solvent system 
where a11 reagents (gold salt, capping ligand, and reducing agent) are soluble. The'Brust-
Schiffrin one-phase synthesis conducted in methanol and/or water can provide access to 
water-soluble NP.8-IO Other one-phase procedures conducted in THF, using Superhydride 
(lithium triethylborohydride) or milder reducing agents, extend the range of potential 
capping ligands for gold NP. II ,12 However, direct synthesis is usua11y limited to ligands 
resistant to reductive conditions. 
Another approach used to prepare functionalized gold NP is to perform a ligand 
exchange reaction on a pre-synthesized particle. 13,14 This simple and versatile synthetic 
strategy consists of replacing the initial capping ligand layer by a new capping layer. 
Thiol-thiol ligand exchange reactions have been widely used to prepare functionalized 
NP. However, despite the considerable amount ofwork performed so far to elucidate the 
ligand exchange mechanism ofthiols,ls-18 a definitive description of the mechanism is not 
yet available. 19 In the absence of a detailed mechanism, it is not possible to fully control 
the extent of thiol-thiol ligand exchange reactions and thus the composition of the 
product. Even when a large excess of the incoming ligand is present, ligand layers with 
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mixed composition are usually obtained. For example, only 50% replacement is observed 
after 24 hours when CI2S-Au NP are reacted with BrCI2SH, using 10 molar equivalents 
(ME) of incoming thiol (compared to NP-bound thiolate). \3 In another study, only 40 to 
70% of the initial alkylthiolates (C8-CI6) were replaced after 4 days when 20 ME of the 
incoming ligand Me02CCIsSH were used. 16 
The ligand exchange strategy has been shown to be most successful when ligands 
more labile than thiols are used. For example, a variety of protected Au NP was prepared 
using citrate-capped Au NP or triphenylphosphine-capped Au NP (PPh3-Au) as 
precursors.20-26 The citrate or PPh3 is completely replaced by thiols. PPh3-Au NP are 
important precursors for small NP (1-2 nm), as their narrow size-dispersity is usually 
preserved upon the ligand exchange process. Citrate-Au NP are commonly used for the 
preparation of functionalized gold NP in the lOto 40 nm size range. 
DMAP-Au NP have the potential to be used as precursors for NP in the intermediate 
size range of 5 to 6 nm. These water-soluble NP are protected by a noncovalently bound 
ligand and can be readily prepared following the Gittins and Caruso method.27 The 
stability of DMAP-Au NP as a function of pH has been studied in detail, as reported in 
Chapter 2.28 While DMAP-Au NP have been used to make polyelectrolyte-nanoparticle 
composites,29-3S their use as a starting material for other NP has been found only once in 
the literature.36 
The aim of the work presented in this Chapter is to explore the extent to which 
DMAP-Au NP can serve as a starting material for the preparation of functionalized thiol-
capped gold NP (XCnS-Au NP). Both water- and organic-soluble NP were prepared, with 
the aim to extend the procedure to NP not available via other procedures. As mentioned 
previously, ligand exchange reactions usually have the drawback of requiring a large 
excess of incoming thio!. Optimization of the reaction conditions, so that the ligand 
exchange can be performed using minimal quantities of the incoming ligand, is necessary. 
Because DMAP-Au NP are prepared from TOAB-Au NP, the possibility of performing 
ligand exchange reactions directly from TOAB-Au NP was explored and compared to the 
DMAP-Au NP route. 
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5.2 Experimental Section 
5.2.1 Chemicals 
Hydrogen tetrachloroaurate trihydrate (HAuCl4-3H20; 99.999%) was purchased from 
Strem Chemicals. Tetraoctylammonium bromide (TOAB, 98%), sodium borohydride 
(NaB~, 99%), 4-(dimethylamino)pyridine (DMAP, 99%), lO-decanethiol (CIOSH, 97%), 
II-mercaptoundecanol (HOCllSH, 97%), 3-mercaptopropionic acid (HOOCC2SH, 99%), 
II-mercaptoundecanoic acid (HOOCCIOSH, 95%), 16-mercaptohexadecanoic acid 
(HOOCC1SSH, 90%), 2-aminoethanethiol hydrochloride (H2NC2SH,HCI; 98%), and 2-
(dimethylamino )ethanethiol hydrochloride (Me2NC2SH,HCI; 95%), 5-dithiolan-3-
ylpentanoic acid (thioctic acid) were purchased from Aldrich. ll-Bromoundecanethiol 
(BrCllSH), ll-aminoundecanethiol (H2NCllSH), and 14-mercaptotetradecanol 
(HOCI4SH) were available from previous studies. N,N,N-Trimethyl(ll-
mercaptoundecyl)ammonium bromide (BfMe3WCIISH) was prepared as described 
below via a method adapted from the literature and 12-ferrocenyl-I-dodecanethiol 
(FcCI2SH) was prepared according to a described procedure.37.38 Sephadex LH-20 and G-
25-150 were purchased from Amersham BioSciences (Toronto). Aluminium backed silica 
thin layer chromatography plates (250 /Lm thick) were purchased from Silicyc1e (Québec). 
Toluene (ACS grade), dichloromethane (ACS grade), hexane (ACS grade), ethyl acetate 
(HPLC grade), and ethanol (95% and absolute) were purchased from Fischer Scientific 
(Montréal). AlI purchased chemicals were used without further purification. The water 
used in aIl experiments was Millipore-purified water with a resistivity of 18 MO. 
5.2.2 Synthesis of N,N,N-trimethyl(11-mercaptoundecyl)ammonium bromide 
(BfMe3N+C11SH) 
To a degassed solution of ll-bromoundecanethiol in ethylacetate (3.48 g in 20 mL) 
trimethylamine was added (4 mL of 4.2 M solution in EtOH). The solution tumed orange-
brown and within 2 h a precipitate started to form. The reaction mixture was allowed to 
stir at RT under a stream of argon for 2 days. The resulting white precipitate was isolated 
by filtration, washed with EtOH and hexane (under a stream of argon), and dried under 
low pressure to yield the title product (2.3 g, isolated yield 53%). NMR (400.14 MHz, 
CDCh) ô 1.28-1.36 (m, 14H, -CH2-); 1.57-1.64 (m, 2H, -CHrCH2-SH); 1.71-1.77 (m, 
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2H, -CHrCH2-NMe3+ ); 2.49 (q, J = 1.4Hz, 2H, -CH2-SH); 3.48 (s, 9H, -NMe3+); 3.56-
3.60 (m, 2H, -CHrNMe/). NMR (400.14 MHz, D20 ) 0 1.33-1.39 (m, 14H, -CHr ); 
1.60-1.66 (m, 2H, -CH2-CH2-SH); 1.77-1.83 (m, 2H, -CHrCH2-NMe3+ ); 2.57 (t, J = 
1.4Hz, 2H, -CHrSH); 3.13 (s, 9H, -NMe3+); 3.32-3.36 (m, 2H, -CHrNMe/). 
5.2.3 Synthesis of TOAB-Capped Gold Nanoparticles 
TOAB-Au NP were prepared in toluene following the Brust-Schiffrin method.7 
Briefly, an aqueous solution of HAuCl4·3H20 (500 mg in 40 mL) was mixed with a 
solution of TOAB in toluene (3.06 g in 100 mL) and the mixture was stirred until 
complete phase transfer of HAuCl4 into toluene had occurred. A freshly prepared aqueous 
solution ofNaBH4 (525 mg in 30 mL) was added slowly under stirring. After 12 hours, 
the ruby red organic layer was isolated, washed with Millipore water (3 times), and dried 
over anhydrous sodium sulfate. The TOAB-stabilized gold NP (TOAB-Au) solution was 
diluted to 250 mL to reach a gold content of 1 mg/mL. 
5.2.4 Synthesis of DMAP-Capped Gold Nanoparticles 
DMAP-Au NP were prepared from TOAB-Au NP by ligand exchange following 
Caruso's procedure.27 An aqueous solution of DMAP (3.05 gin 250 mL) was added to 
the solution of TOAB-Au in toluene. Phase transfer of the partic1es occurred 
spontaneously and the ruby red aqueous solution of DMAP-stabilized gold NP (DMAP-
Au NP) was isolated. The solution, stored at 4°C, was used as prepared, without removing 
the excess DMAP involved in the NP synthesis. 
5.2.5 Synthesis of Functionallzed Gold Nanoparticles via DMAP-Thiol 
Ligand Exchange Reactions 
A synthetic procedure was developed, which takes into account the solubility of the 
incoming ligand as weil as the solubility of the newly formed NP. The method involves 
the addition of the incoming ligand, dissolved in a suitable solvent, to the aqueous 
solution of DMAP-Au NP. An organic phase was added in the case of NP soluble in 
organic solvents to prevent precipitation and allow the newly formed NP to transfer into 
the organic phase upon ligand exchange. AlI ligand exchange reactions were performed at 
room temperature. The newly formed NP were isolated and purified by gel permeation 
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chromatography (GPC). Four variants of the method were necessary given the solubility 
properties of the resulting NP: 
Variant A. 30 mL of thiol solution (0.45x 1 0-3 M in EtOH 95%, 0.9 molar equivalents 
compared to gold-bound DMAP, pH adjusted to 10 with KOH 10 wt.%) were added to 20 
mL aqueous solution ofDMAP-Au NP. The solution becomes c10udy and changes color 
from dark-red to violet, then violet-blue as ligand exchange progresses. The mixture was 
allowed to stand at RT ovemight. The dark precipitate (fine particles) was separated by 
mild centrifugation, redispersed in the minimum volume of MilliQ water (pH 3-4, using 
HOAc, for H2NCnS-Au (n = 2, 11) and Me2NC2S-Au NP or pH 9-10, using KOH, for 
HOOCC2S-Au NP), loaded onto a Sephadex G-25-150 column, and eluted with MilliQ 
water (pH 3-4 and 9-10, respectively). The NP moved as a dark-red band, which was 
isolated and freeze-dried. The freeze-drying has to be stopped before it reaches 
completion, as NP protected with short chain thiols are not stable when completely dry. 
H2NC2S-Au and Me2NC2S-Au NP were altematively purified by successive washings 
with toluene (5X), toluene:EtOH 6:1 (2X), and Et20 (2X) in order to assess how the 
extent of purification affects the NP stability. 
Variant B. 30 mL of thiol solution (0.45 x 10-3 M in EtOH 95% or MilliQ water, 0.9 
molar equivalents compared to gold-bound DMAP, pH adjusted to 10 with KOH 10 
wt.%) were added to 20 mL aqueous solution of DMAP-Au NP. No visible changes in 
color were observed. The mixture was allowed to stand at RT ovemight. The solvent of 
the clear burgundy-red solution was carefully evaporated under reduced pressure (bath 
temperature 30-35°C). The NP were redispersed in the minimum volume of MilliQ water 
(pH 9-10, using KOH, for HOOCCnS-Au (n = 10, 15) and thioctic aeid-Au NP or pH 7 
for BfMe3WCIlS-Au NP), loaded onto a Sephadex 0-25-150 column, and eluted with 
MilliQ water (pH 9-10 and 7, respectively). The NP moved as a dark-red band, which was 
isolated and dried under reduced pressure (rotary evaporator). 
Variant C. 30 mL ofthiol solution (0.45xlO-3 Min EtOH 95%, 0.9 molar equivalents 
compared to gold-bound DMAP) were added to 20 mL aqueous solution of DMAP-Au 
NP, followed by 30 mL toluene. The solution becomes cloudy and changes color from 
dark-red to violet in the case of HOCIlSH while it remains c1ear burgundy-red for 
HOCI4SH. The reaction mixture was allowed to stand at RT ovemight. The precipitate 
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(HOCIIS-Au) was isolated by mild centrifugation and redispersed in the minimum 
volume of EtOH:water 4:1 while the clear red solution (HOC I4S-Au) was rotary 
evaporated and the reddish precipitate redispersed in the minimum volume of EtOH:water 
4:1. Purification on a Sephadex LH-20 column (elution with EtOH:water 4:1) yields the 
HOCnS-Au NP as a concentrated dark-red solution that can be stored as is or dried under 
reduced pressure (rotary evaporator). 
Variant D. To a 20 mL aqueous solution of DMAP-Au, 30 ml of thiol solution 
(0.45 x 10-3 Min EtOH 95%, 0.9 molar equivalents compared to gold-bound DMAP) were 
added, followed by 20 ml organic solvent (hexane or CH2Ch). Additional solvent or 
water needs to be added in order to separate the two phases when CH2Ch is used, because 
ofits miscibility with EtOH. For a thiolless soluble in EtOH (FCC12SH), the solution was 
prepared by dilution from a stock solution in CH2Ch or CH2Ch:EtOH 8:2. The pH of the 
reaction mixture was gradually reduced to 5 by addition of di lute HOAc (20%). The 
aqueous phase becomes cloudy and changes color from dark-red to violet, followed by 
phase transfer into the organic layer. The phase transfer reaches completion within a few 
minutes. When CH2Ch was used, the newly formed NP precipitated from solution 
because of the EtOH present. In the case of hexane, the NP remain dispersed in the 
organic layer. The reaction mixture was allowed to stand at RT ovemight. The precipitate 
was isolated by mild centrifugation and redispersed in the minimum volume of CH2Ch, 
while the clear red solution was rotary evaporated and the reddish precipitate redispersed 
in the minimum volume of CH2Ch. Purification was performed on a Sephadex LH-20 
column using a mixture ofCH2Ch:hexane:MeOH 75:25:10. The NP moved as a dark-red 
band, which was collected and dried under reduced pressure (rotary evaporator). 
5.2.6 Analytical Measurements 
UV-Vis absorption spectra were recorded at room temperature with a Cary 5000 
spectrometer (Varian Instruments) in a 1 cm path length quartz cuvette. 
IH-NMR spectra were obtained on a Varian 400 at 400.128 MHz in D20, CD30D, 
CD2Ch. or CDCh, and referenced to the residual protons in the deuterated solvent. 
Transmission electron microscopy (TEM) images were obtained using a Philips 
CM200 transmission electron microscope at an acceleration voltage of 200 kV. The 
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negatives were scanned at a resolution of 600 dpi using an Epson 1200 photo scanner and 
its negative adapter. For each sample, the mean diameter of the NP was determined using 
SPSS SigmaScan Pro5.0 software. 
Thin layer chromatography (TLC) was performed to detect the presence of residual 
DMAP in CloS-Au NP solutions. The NP and the reference (i.e. DMAP) were dissolved 
in toluene and al: 1 EtOH:EtOAc mixture was used as the eluent. 
5.2.7 Calculation of Incoming and Outgoing Ligand Quantities 
The quantities of incoming (i.e. RSH) vs. outgoing (i.e. DMAP) ligands used in a 
given preparation were estimated in the following manner. First, the total gold surface for 
a defined NP solution was determined. It is important to note that there are various 
limiting possibilities of NP geometries (i.e. truncated octahedron vs. sphere) and ligand to 
gold stoichiometry (i.e. 1:2 to 1:3 RS:Au, in the case of alkylthiols). In the absence of 
elemental analysis or TGA data, one can estimate the ligand-per-particle value using 
TEM-derived areas. TEM data allow for reasonable estimates of total gold area, 
especially given the low polydispersity of the samples. The calculated ligand-per-particle 
value has a range of only 17%, depending on which geometry (Supporting Information). 
In the absence of precise geometry and stoichiometry information for these samples, we 
have opted to use a spherical geometry approximation and an alkythiol footprint of 
lsA 2.39 The concentration of bound thiols in the resulting NP solutions varies between 
5.6'10-4 M and 7.5'10-4 M, depending on the resulting NP mean diameter. The DMAP 
footprint, estimated to be 15 A2, was obtained from molecular models. The concentration 
ofbound DMAP in the NP (4.9 ± 0.9 nm) solution is thus 7.4'10,4 M. 
When performing the DMAP-thiol ligand exchange reaction, the amounts of thiol 
added to the DMAP-Aù NP solution are described as molar equivalents (ME) compared 
to gold-bound DMAP or gold-bound thiol. The assumed geometry and footprints give 
ME values compared to gold-bound DMAP of 0.9 and ME values compared to gold-
bound thiol of 0.9 to 1.2. Given the number of assumptions and issues related to the 
weighing of the materials, the calculated value of 0.9 is more than likely equivalent to 1. 
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5.3 Results and Discussion 
The previous study on DMAP-Au nanoparticles, reported in Chapter 2, revealed that 
these gold NP possess sorne characteristics that could make them a useful precursor 
system for further functionalized NP.28 DMAP-Au NP possess narrow size dispersity (6.2 
± 0.9 nm in Chapter 2 and 4.9 ± 0.9 nm in this study) and exhibit excellent stability in 
water over long periods (at least 2 years at 4°C). DMAP-Au NP are prepared from 
organic-soluble TOAB-Au NP so highly concentrated aqueous solutions of DMAP-Au 
NP can be obtained. Given its lability, DMAP should be readily replaced by ligands with 
a higher affinity for gold. The differential solubility of neutral DMAP (highly soluble in 
toluene) vs. protonated DMAP (water-soluble) provides the means to remove excess 
DMAP using simple extraction procedures. This property allows for purification of the 
derivatized NP from free DMAP. AlI these features make DMAP-Au NP an attractive 
material as a precursor for a variety of further functionalized gold NP. 
Gold NP larger than 2 nm in diameter exhibit a characteristic surface plasmon 
absorption spectrum with an intense peak at ca. 520 nm in water. The position of the 
maximum of the plasmon band (Àmax) depends on the size of the NP core, the dielectric 
constant of the surrounding environment (solvent, ligand shell), and the interparticle 
distance.40•41 Small changes in Àmax are therefore expected after ligand exchange, as are 
changes in solubility. A decrease in interparticle distance results in larger Àmax changes 
(red-shifts of a tens of nm) and any significant aggregation of the gold cores occurring 
upon ligand exchange is reflected in the absorption spectra.42 
5.3.1 Organic-Soluble Nanoparticles 
CIOSH was assessed for its ability to replace DMAP from DMAP-Au NP. As ClOS-Au 
NP are soluble in organic solvents, phase transfer of these NP should occur upon ligand 
exchange. Thus, successful ligand exchange reactions can be readily monitored via the 
transfer of the red-colored NP from the aqueous into the organic phase. Because the 
DMAP-Au NP solution contains a large quantity of free DMAP (3'10-2 M), a 
concentrated CIOSH(EtOH) (10-1 M, corresponding to l33 molar equivalents (ME) 
compared to gold-bound DMAP) was used. Very rapid (within seconds) and apparently 
complete phase transfer of the NP into toluene was observed upon addition of C IOSH(EtOH) 
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to the aqueous DMAP-Au NP sample. Neither aggregation nor precipitation was observed 
upon ligand exchange and ClOS-Au NP(toluene) exhibit the same red color as the DMAP-Au 
NP precursor. Because the pH of the aqueous DMAP-Au NP solution is about 10, the 
neutral DMAP present in the aqueous phase (PKaDMAP = 9.7) is expected to partition into 
the toluene. TLC and IH-NMR analyses confinn the presence of DMAP in the organic 
phase. Washing the toluene solution of ClOS-Au NP several times with mildly acidic 
water (pH 5) effectively removes DMAP (as HDMAP+). TLC and IH-NMR do not detect 
any residual DMAP. Attempts to remove excess thiol from the NP solution by seriai 
precipitations and washings with EtOH led to partial loss of the product. 
When ligand exchange reactions were performed using lower concentrations of CIOSH 
(1.25.10-2 and 2.5.10-2 M, corresponding to 17 and 33 ME compared to gold-bound 
DMAP, respectively), the phase transfer of the NP from water to hexane (used as the 
organic phase instead of toluene because of the better degree of phase separation) was 
considerably slower than the 133 ME/toluene case. Decreasing the pH of the DMAP-Au 
solution to 5, immediately after addition of CIOSH, resuIts in rapid phase transfer. CIOS-
Au NP can thus be prepared using as little as 0.9 ME of CIOSH compared to NP-bound 
DMAP. The phase transfer to hexane is complete in a few minutes and no aggregation is 
observed. As mentioned above, NP workup by seriaI precipitations and washings leads to 
sorne NP loss. An improved purification procedure involves gel permeation 
chromatography (GPC), as per Woehrle et a1.26 GPC readily removes excess DMAP and 
excess free thiol to yield highly purified NP, as established by IH NMR (Figure S5.12). 
The use of ca. 1 ME of incoming ligand compared to gold-bound ligand is highly 
desirable given the cost and purification implication of large ME values. For example, 
thiol-thiol ligand exchange reactions generally require a large excess of incoming ligand 
and yield mixed capping layers. 16 Phosphine-thiol ligand exchange reactions, recently 
reported by Hutchison and coworkers,26 require 2 to 6 ME of incoming ligand, with 
respect to bound thiols. 
DMAP-Au NP were also used in ligand exchange to prepare FcC I2S-Au and BrC11S-
Au NP, using 0.9 ME of incoming thiol compared to gold-bound DMAP. The resulting 
NP are stable in the dry state and can be re-dissolved in appropriate organic solvents 
(CH2Ch or hexane) without obvious degradation. To the best of our knowledge, BrCnS-
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Au NP with such narrow size dispersity have not been prepared via other synthetic 
methods. IS,43 This is potentially interesting because the w-Br ligand is amenable to further 
derivatization. 
Preparation of NP protected with HOCnSH (n = 11, 14) was also attempted. Based on 
several reports, soluble NP capped with only HOCnSH seem difficult to obtain by direct 
synthesis or ligand exchange reactions.43-46 Here, HOCIIS-Au and HOC'4S-Au NP were 
successfully prepared by ligand exchange reaction from DMAP-Au NP, using 0.9 ME of 
HOCnSH compared to gold-bound DMAP. HOCIIS-Au NP are stable in the dry state 
(dark-reddish powder) and stable in EtOH (70-90%) for several months.47 HOCI4S-Au 
NP are very soluble in pure MeOH. 
5.3.2 Water-Soluble Nanoparticles 
Alkanethiois terminated with ionizable groups such as H2N-, Me2N-, or HOOC- are 
appropriate ligands for making water-soluble NP. Water-soluble gold NP can be prepared 
via direct synthesis or ligand exchange reactions.48 However, introducing charged thiols 
into the capping layer via ligand exchange reactions is difficult. 48 
Short chain alkylthiols (C3-C4) do not usually stabilize go Id NP efficiently.22.49 
However, small phosphine-capped NP do undergo ligand exchange with Me2NC2SH and 
'03SC2SH, yielding stable water-soluble NP.25 Given this precedent, DMAP-thiolligand 
exchange reactions were attempted with the hydrophilic short chain thiols HOOCC2SH, 
H2NC2SH, and Me2NC2SH. Because the resulting NP are expected to be water-soluble, 
the ligand exchange reactions were performed in the absence of an organic phase. 
HOOCC2S-Au NP were prepared using 0.9 ME of HOOCC2SH compared to gold-
bound DMAP. While GPC-purified HOOCC2S-Au NP display excellent stabiIity in 
concentrated aqueous solutions,5o completely dry samples could not be redispersed in 
mildly basic water. H2NC2S-Au NP and Me2NC2S-Au NP were also prepared using 0.9 
ME of the thiol. GPC-purified H2NC2S-Au NP and Me2NC2S-Au NP are less stable in 
aqueous solution than HOOCC2S-Au NP. Moreover, the extent of the purification seems 
to affect the stability of the NP. Repetitive toluene washings lead to Me2NC2S-Au NP 
stable for more than 1 year, whereas GPC-purified NP are only stable for days. Free thiol 
is likely to remain after repetitive washings but is believed to be absent in the GPC-
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purified samples. While this work was in progress, the synthesis ofwater-soluble gold NP 
stabilized by C2 thiols bearing HOOC-, Me2N-, Me3W-, and '03S- groups, via ligand 
exchange reactions using triphenylphosphine-Au NP (1.5 nm) as precursors, was 
reported.26 
Long chain alkylthiols (CU-ClS) are weIl established to be able to impart considerable 
stability to Au NP. H2NCllS-Au NP obtained via DMAP replacement and purified by 
OPC are stable in the dry state. Redispersion in acidic water is slow (10-12 hours) but 
complete. Stable HOOCCIOS-Au and HOOCClSS-Au NP solutions also result ftom ligand 
exchange with DMAP. OPC-purified NP are stable in the dry state and can be completely 
redissolved in basic water (pH 9-10) with no apparent degradation. Since the water-
solubility of these NP is conferred by the ionizable terminal functions (carboxylic acid 
and amine), their solubility is pH-dependent. 
Quatemary ammonium-terminated alkylthiols are attractive because they afford NP 
with pH-independent solubility. Following the ligand exchange procedure described 
above, Br-Me3N"CllS-Au NP were successfully prepared. These NP are very stable both 
in aqueous solution (pH 1 to 14) and in the dry state and can be readily redispersed in 
water. 
Another interesting capping agent for gold NP is thioctic acid (5-dithiolan-3-
ylpentanoic acid). Thioctic acid can replace physisorbed citrate or TOAB at a NP 
surface.22•S1 Using the reaction conditions established here, 0.9 ME of thioctic acid 
compared to gold-bound DMAP was sufficient to exchange the DMAP and form stable 
and water-soluble thioctic acid-capped Au NP. The observed stability arises from the 
anchoring of the ligand through two sul fur atoms.S1 
5.3.3 Gold Nanoparticle Characterization 
AU NP prepared according to the procedure established in this report have been 
characterized by IH NMR, UV-vis spectroscopy, and TEM. The IH-NMR spectra show 
that DMAP, excess thiols, and residual gold salts are efficiently removed by OPC 
(Supporting Information). The analytical data (stability, Àmax, and mean diameter) of the 
DMAP-Au and resulting NP are presented in Table 5.1. 
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Table 5.1 Gold NP prepared by ligand exchange from DMAP-Au NP: their 
stabilizing ligand, EreEaration method, stability, and characteristics. 
Stabilizing Variant Stability Characteristics 
Ligand for Prep. in as solid Âmax (nm) mean core 
Method solution diameter (nm)" 
DMAP yes no 520 (H20, pH 10) 
HOOCC2SH A yes no 514 (H20, pH 9) 
HOOCCIOSH B yes yes 515 (H20, pH 9) 
HOOCC'5SH B yes yes 522 (H20, pH 9) 
thioctic acid B yes yes 515 (H20, pH 9) 
H1NC1SH A yes no 519 (H20, pH 3) 
Me2NC2SH A limited* no 514 (H20, pH 3) 
H2NC"SH A yes yes 520 (H20, pH 3) 
Br"Me3N'C, ISH B yes yes 517 (H20, pH) 
HOCllSH C yes yes 519 (EtOH:H20 1:1) 
HOCI4SH C yes yes 519 (EtOH) 
CIOSH D yes yes 516 (CH2CI2), 519 (toluene) 
FcCI2SH 0 yes yes 517 (CH2CIz), 519 (toluene) 
BrCJlSH 0 yes yes 518 (CH2Clz), 520 (toluene) 
* stable for hours to days after GPC purification, stable for longer periods ifless pure. 
a. obtained from TEM measurements of200 to 400 NP per sample. 
4.9±0.9 
4.5 ± 1.0 
4.0±0.8 
4.6 ± 1.0 
4.6 ± 1.0 
4.4 ± 1.0 
4.4 ± 1.0 
4.7 ±0.8 
5.4 ± 1.0 
4.6±0.9 
4.3 ±0.7 
4.2±0.7 
4.1 ±0.6 
4.4 ± 1.0 
The newly prepared NP exhibit plasmon bands with a small shift (blue- or red-; Àmax = 
514 to 522 nm) with respect to the DMAP-Au NP (Àmax = 520 nm). Such shifts are 
expected when the protective ligand shell and the refractive index of the soivent are 
changed.40•52 TEM analysis establishes that when DMAP-Au NP with a mean diameter of 
-4.9 nm are used as a starting material, ail the resulting NP, except for BfMe3WCIlS-Au 
(with a mean diameter of 5.4 nm),53 have a mean diameter between 4.0 and 4.7 nm. In 
addition, the narrow size dispersity of the NP was preserved after the ligand exchange 
process had been completed. Based on the results of the NP size characterization, the 
quantities of thiol involved in the ligand exchange reactions performed in this study 
correspond to 0.9 to 1.2 times the stoichiometric amount ofthiol required to stabilize 4.0 
to 4.7 nm gold NP. 
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5.3.4 rOAB-Au NP as a Starting Material for Ligand Exchange Reactions 
Because the DMAP-Au NP were prepared from TOAB-Au NP in the above procedure, 
it is interesting to explore if the ligand exchange reactions reported here could also be 
performed directly on TOAB-Au NP. TOAB-Au NP were prepared following the Brust-
Schiffrin method.54 TOAB acts as both a phase transfer agent (for AuCI4- and B~-) and a 
stabilizer for the gold NP. Studies on the binding mode ofthis labile ligand reveal that the 
bromide ions are adsorbed at the gold surface via electrostatic interactions and that the 
quatemary ammonium is their counterion.55 TOAB-Au NP have narrow size dispersity, 
but their stability in toluene is limited. Although a small number of water-soluble gold NP 
have been prepared by replacing TOAB with DMAP,27 HOOCC IOSH,56 and 4-carboxy-
thiophenol,36 no systematic investigations conceming the TOAB-thiol ligand exchange 
reaction have been reported. 
Ligand exchange reactions were thus performed directly on TOAB-Au, following the 
procedures described above. CIOSH(EtOH), BrCIISH(EtOH), and FCC12SH(EtOH) yielded stable 
organic-soluble NP. However, purification by OPC proved to be less effective than with 
DMAP-Au NP, and residual TOAB could not he completely removed. Even procedures 
involving several columns followed by repetitive washing and precipitation led to 
residual TOAB, detected by IH NMR analysis. HOOCCIOSH worked similarly well with 
TOAB-Au and DMAP-Au NP, but the short chain thiols HOOCC2SH. Me2NC2SH, and 
H2NC2SH formed insoluble precipitates or very instable NP even when a large excess of 
thiol (28 ME compared to gold-bound TOAB) was used. Another drawback of TOAB-Au 
NP as a precursor is their limited stability compared to DMAP-Au NP. In the case of 
TOAB-Au NP solutions, small amounts of a black precipitate form after 3-4 weeks and 
aggregation occurs (detected by a red-shift of the plasmon band). On the contrary, 
DMAP-Au NP appear to be very stable in solution, with samples stored for more than 2 
years at 4°C exhibiting no sign of degradation. Based on these results, DMAP-Au NP 
appear to be a more efficient and general precursor for preparing functionalized NP via 
ligand exchange reactions. 
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5.4 Conclusions 
DMAP-Au NP prove to be an excellent precursor for the synthesis of thiol-
functionalized gold NP in the 4-5 nm size range. DMAP-Au NP are more versatile than 
TOAB-Au NP in this regard. The labile DMAP ligand is more effectively replaced than is 
TOAB under mild conditions (RT, ambient pressure) by a variety of hydrophobie and 
hydrophilic alkylthiols, with short and long alkylchains, yielding stable NP soluble in 
water or organic solvents. In addition, several functionalized gold NP (HOCnS-Au, XC2S-
Au), which are difficult to prepare via other reported synthetic procedures in this size 
range, were prepared by replacement of DMAP. One particular advantage of using 
DMAP-Au NP as a precursor is that a very small amount ofincoming thiol ligand (ca. the 
stoichiometric amount required to cover the Au surface) is required to fully replace 
DMAP and form stable NP. The newly formed NP can be easily purified from DMAP. 
NP with a mean diameter between 4.0 and 5.4 nm are obtained, the narrow size dispersity 
is maintained upon ligand exchange, and no aggregation is observed. DMAP-Au NP 
solutions are also very practical in the sense that they can be stored and thus be available 
for ligand exchange reactions after prolonged storage, without any sign of degradation. 
Finally, the ligand exchange procedure developed here is suitable for ligands sensitive to 
reductive conditions, i.e. ligands bearing an amide or ester functional group for example. 
AH of these advantages lead us to concJude that DMAP-Au NP are a precursor of choice 
in the synthesis ofmany new gold NP. 
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5.7 Supporting Information 
Table 85.1 Calculation of dependence of area-per-particle and thioI-per-particle 
on assumed NP morphology 
Area-per-farticle ThioI-per-particlea 
% Difference Diameter of (nm ) in thiol-per-NP (nm) Sphere Tronc. Sphere Tronc. particleb 
Octahedron Octahedron 
4.0 50 43 279 238 17 
4.2 55 47 308 262 17 
4.4 61 52 338 288 17 
4.6 66 57 369 315 17 
4.9 75 64 419 357 17 
5.4 92 78 509 434 17 
a. Assuming 18 A2 per thiol as per Ref39. This area is particular to RSH adsorbed on small NP 
b. Sphere relative to truncated octahedron 
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Transmission Electron Microscopy Images, Visible Absorption Spectra, 
and IH NMR Spectra for DMAP-Au NP and XCnS-Au NP Produced by 
Ligand Exchange Reactions 
Transmission Electron Microscopy: NP were deposited on TEM copper grids (400 
mesh) which had first been covered with a thin film of Forrnvar-supported carbon. The 
grids were dipped in a dilute NP. Excess solution was wicked away and the grid was left 
to dry at ambient temperature and pressure, and then under vacuum. The images were 
obtained using a Philips CM200 transmission electron microscope at an acceleration 
voltage of 200 k V. The negatives were scanned at a resolution of 600 dpi using an Epson 
1200 photo scanner and its negative adapter. 
UV-Vis Spectroscopy: Visible absorption spectra were recorded at room temperature 
with a Cary 5000 spectrometer (Varian Instruments) between 400 and 700 nm. Dilute NP 
solutions in an appropriate solvent were measured in a quartz cuvette. The absorption 
spectra recorded are characteristic of small, dispersed gold NP in solution. The smaU 
spectral differences observed between the NP samples are due to the different dielectric 
constant ofboth the capping layer and the solvent used. 
IH_NMR Spectroscopy: IH NMR of the NP dissolved in adequate deuterated solvent 
were perforrned with a Varian 400 spectrometer at 400.128 MHz in order to assess the 
purity of the NP. Note that these spectra often exhibit either no peaks or only highly 
broadened peaks in the region of interest (0-3.5 ppm). The absence of peaks, or extreme 
broadening, is attributable to bound thiol species. The absence of any sharp signaIs in 
these spectra is an indicator that any free thiol, if present, is below the limit of detection. 
Note that the baseline in many spectra often indicates poor shimming. This difficulty is 
common to NMR studies of metal NP dispersions and often cannot be overcome. 
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Figure 85.1 TEM image and visible absorption spectrum ofDMAP-Au 
NP in water. 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
134 
DMAP-Thiol Ligand Exchange Reactions 
0.6 - ..... ----... -_. __ . __ ... 
0.5 
0.1 
O+---~----~----~--~----~--~ 
lOOnm 
•• pl ,.OTDt4 
,."..U 
... 1:e -, JUil .... 
loh" ... t DI. 1,*11'1 
f11:COUISITlOtl up plo 
'n .. "".3 .... . , LtU .11'. 
~ nUI .. no, ...... 
.. 1.1:: t. .. Op ~! h. .. 'IOCEUINO 
rlAN$MITTEl 1t0l ...... 
.. 
"' 
_"PLAY 
Ifr. ' ... ua . , av .• 
•• f '''.! ., :S''n.1I 
'-
51 
'" 
un .• 
.. 3.'" 
'" 
.a".f 
DECOUPUR: 
..  . lU.' cu 
" 
~".;t 
'0' . d. .. ft .. r5: d_ c 
" -.. , .. .. lUlll,1 
•• f nUI .. lU 
.. cd< ph 
HOOCC2 S - Au in 
basic D20 (KOH) 
400 450 500 550 600 650 700 
Wavelength (nml 
--,'-' , •. -... ·_··---... ~···l····M.,..... .... ~_ ...... -""""!.--r--.._._..,. --.-_ .... '. __ .Y". ..--,......._._-.... ----_._~ .. l'''-'---'''-~'-'-''-' 
, 8 2 t nn. 
Figure S5.2 TEM image, visible absorption spectrum in basic water, 
and tH NMR spectrum of HOOCC2S-Au NP. 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
135 
DMAP-Thiol Ligand Exchange Reactions 
1.60 ----.-------- --._-_.---~ 
1.40 
1.20 
81.00 
~ 0.80 J 0.60 
0.40 
0.20 
0.00 +--~--~--~-~--~-__i 
.",.1 ~ItOTDN 
IMI'lI 
"et. J tlil :n.' .. , te., 10t,,&ft1: ... f.,t .. flOt' ..... 
tl1. ... ,plll Mt 1,1'" ACQUlllfJOM ... . .... 
.. UII •• .... 1.1" 
.. Jo .... Il,. n .... 
;& U.114 not uted l! " .. li ~: 1 .... d, .~ li .. 
" 
li NOCUSINO 
not u ••• 
.. HI OIlPU.V 
"'CI .. ... u. .. -,ul.' tot 
"";: .. ....... !!W,. ," U .... 
Dt:CDUI'UI 
s.n. ,<. uu.' 
" 
13 ••• 
'" 
CU l, 
-lU.' 
... . 'LOf 
.. 
"." 
~ ... 
... < 
" 
. 
.. ~ .. u:: ... 111" ,. 
HOOCC1oS-Au in 
basic D20 (KOH) 
400 
H20 residual: 
i ~ 
l' li 
l' 
IllIftlIW,-""" III i.W ... 'II",'.' .... "iI!l, .... 1jIjJI,t!j'_.,,,,,.J.~WWIilj'IIII"'''I!IIIOiII-
6,. 
450 500 550 600 650 
Wavelength (nm) 
[KOH 
1. 
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6.1 Conclusions 
DMAP-Au nanoparticles 5 to 6 nm in diameter and with narrow size dispersity were 
prepared and characterized. A detailed study of the binding mode of the protective ligand 
to the gold surface showed that DMAP adsorbs to gold via the lone pair of the endocyclic 
nitrogen. A positive charge on the exocyclic nitrogen of DMAP arises from electron 
delocalization and confers water-solubility to the DMAP-capped nanoparticles. DMAP-
Au nanoparticle suspensions exhibit an exceptional stability over time and over a wide 
pH range (5 to 12), but excess DMAP is required for stability. Nanoparticle aggregation 
at pH values below 5 was attributed to the protonation of the DMAP binding site (the 
endocyclic nitrogen) and desorption ofthe ligand. 
The study of the interactions of DMAP-Au nanoparticles with two negatively charged 
polyelectrolytes, P AA and PSS, showed that both polyelectrolytes keep DMAP-Au 
nanoparticles stable to lower pH values (ca. pH 2). The difference in the polyelectrolyte 
strength reflected in their interactions with the nanoparticles. The PSS chains wrapped 
around the nanoparticles at lower pH values than the P AA chains. The study of the 
composition of the polyelectrolyte-coated gold nanoparticles reveals that the 
polyelectrolyte chains adsorb onto the DMAP layer rather than displace it. The adsorption 
of P AA and PSS onto analogous 2D DMAP-modified gold surfaces and their 
conformational changes as a function of pH were studied in situ using SPR spectroscopy. 
The different behaviour of P AA and PSS was verified and the presence of remaining 
DMAP under the polyelectrolyte layers was confirmed. 
Finally, a wide range of water- and organic-soluble gold nanoparticles was prepared 
via DMAP-to-thiol ligand exchange reactions. The complete replacement of the 
protective mono layer required very small amount of incoming ligand, just enough to form 
a protective mono layer on the gold cores. This is a great advantage if rare ligands are to 
be used. No aggregation was observed upon ligand exchange and the narrow size 
dispersity was maintained. 
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6.2 Contributions to Original Knowledge 
Since the first report on DMAP-Au nanoparticles in 2001,1 DMAP-Au nanoparticles 
have been used in the preparation of nanopartic1e/polyelectrolyte composites but no 
detailed investigation of the DMAP-Au nanoparticles was reported. This lack of details 
probably restricted the search for other applications of the system. This Thesis has made 
the following contributions to original knowledge: 
(i) The factors that make DMAP an efficient ligand for gold nanoparticles were c1early 
identified. It was shown that the dual solubility of DMAP plays a key role in the ligand 
exchange reaction and phase transfer of the nanoparticles. 
(ii) The binding mode of DMAP on a gold surface was established and the origin of 
DMAP-Au nanoparticle charges was clarified. The positive charge of DMAP-Au 
nanoparticles results from electron delocalization in the gold-associated ligand and is pH-
independent. It was previously attributed to the protonation of the exocyclic nitrogen and 
this mistake has propagated in the literature 
(iii) The effects ofpH and excess DMAP on the DMAP-Au nanoparticle stability were 
carefully investigated. The nanoparticle aggregation at pH < 5 was attributed to the 
desorption of the ligand caused by the protonation of the ligand binding site. It was shown 
that excess DMAP is essential to the nanoparticle stability. 
(iv) Polyelectrolyte-coated gold nanoparticles were prepared from DMAP-Au 
nanoparticles. The enhanced stability exhibited by the nanoparticles at low pH values 
proved that long polyeleetrolyte ehains eould wrap around comparatively small 
nanoparticles (i.e. 5 to 6 nm) and proteet them. 
(v) The study of the interactions ofanionic polyelectrolyte chains with both 2D and 3D 
DMAP-modified gold surfaces showed that the polyeleetrolyte ehains adsorb onto the 
DMAP layer rather than displace it at the gold surface. This result eontrasts with previous 
reports suggesting that the labile DMAP is easily displaeed by the polyelectrolyte chains.5 
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(vi) DMAP-Au nanoparticles were used to prepare a wide range ofwater- and organic-
soluble nanoparticles via ligand exchange reactions. This new starting material is 
extremely valuable since no other versatile precursors (i.e. gold nanoparticles stabilized 
with a labile ligand) in this size range are available and only very small amount of 
incoming ligand is required to fully replace the DMAP ligand shell. In addition, the mild 
reaction conditions are suitable for sensitive ligands. To the best of our knowledge, 
DMAP-Au nanopartic1es had been used only once previously to prepare other gold 
nanoparticles (sulfonate-derivatized).6 
The unique features of DMAP-Au nanoparticles established in this Thesis and the 
demonstration of their versatility as precursors should encourage researchers to use this 
very interesting system as a starting material for other functionalized gold nanoparticles. 
6.3 Ideas for Continued Research 
(i) Ligand exchange reactions using DMAP-Au nanoparticles as precursors could be 
further explored. DMAP-Au nanoparticles could be used as starting material to prepare 
nanoparticles protected by compounds possessing interesting properties but a weak 
affinity for gold. In addition, ligand exchange reactions using such compounds could be 
facilitated by the possibility to induce the desorption of the initial ligand shell and to 
suppress the DMAP/ligand competition by adequate pH-tuning. 
(ii) Polyelectrolyte-coating of DMAP-Au nanopartic1es could be further explored. 
Additional polyelectrolyte layers could be adsorbed onto the DMAP-Au nanoparticles by 
sequential adsorption of oppositely charged polyelectrolytes. The possibility to make 
stable polyelectrolyte nanocapsules by dissolution of the gold cores could be assessed. 
Only few strategies yielding polymer nanocapsules with a cavity diameter smaller than 10 
nm have been reported.7,8 Using DMAP-Au NP as a template would offer a new means to 
prepare polyelectrolyte nanocapsules in this size range. Such nanocapsules could be 
useful nanocontainers for drug delivery. 
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(iii) DMAP-Au nanoparticles could be self-assembled into well-defined arrays, as 
these nanoparticles possess two important characteristics required for such applications. 
They exhibit narrow size dispersity and the DMAP ligand can be easily replaced by a 
stronger ligand. Dithiol linkers could be used, for example, to assemble the DMAP-Au 
nanoparticles. 
(iv) The potential use of DMAP-Au nanoparticles as signal enhancers of surface 
plasmon resonance biosensors could be studied. SPR spectroscopy is widely used to study 
protein-protein interactions. However, protein-binding events cause only small changes in 
refractive index and thus small changes in SPR angle. The binding signal can be 
enhanced by using protein-gold nanoparticle complexes, due to the strong coupling 
between the film and the particles.9,10 DMAP-Au nanoparticles possess some 
characteristics that could make them excellent candidates for the preparation of protein-
nanoparticle complexes. They are water-soluble, stable at pH 7, and stabilized by a 
noncovalently bound ligand. 
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